
The Varied Roles of Notch in Cancer

Jon C. Aster1, Warren S. Pear2, and Stephen C. Blacklow3

1Department of Pathology, Brigham and Women’s Hospital and Harvard Medical School, Boston, 
MA 02115

2Department of Pathology & Lab Medicine, Abramson Family Cancer Research Institute, 
Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA 19104

3Department of Biochemistry and Molecular Pharmacology, Harvard Medical School

Abstract

Notch receptors influence cellular behavior by participating in a seemingly simple signaling 

pathway, but outcomes produced by Notch signaling are remarkably varied depending on signal 

dose and cell context. Here, after briefly reviewing new insights into physiologic mechanisms of 

Notch signaling in healthy tissues and defects in Notch signaling that contribute to congenital 

disorders and viral infection, we discuss the varied roles of Notch in cancer, focusing on cell 

autonomous activities that may be either oncogenic or tumor suppressive.
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INTRODUCTION

Notch receptors belong to a highly conserved signaling pathway that relies on cell-cell 

contacts to induce a response to environmental cues in multicellular animals. Most Notch-

mediated cellular outcomes are determined by a signal transduction mechanism in which 

regulated proteolysis creates Notch transcription complexes controlling the expression of 

responsive genes. Biochemical, cell biological, and structural studies from many laboratories 

have brought the details of the Notch signaling mechanism into focus over the past two 

decades. More recently, unbiased genome-scale sequencing studies identified mutations in 

Notch genes in a broad spectrum of cancers. Remarkably, the positions, identities, and 

effects of these mutations are cancer-specific and reflect varied roles for Notch in different 

cancer contexts. Indeed, functional studies implicate Notch signaling in essentially all of the 

hallmarks of cancer (Figure 1), and clearly point to roles that range from oncogenic to tumor 

suppressive, depending on cancer type.

Here, we will briefly review the key steps and modulators of normal Notch signal 

transduction, and then turn to the varied roles of Notch in cancer. In doing so, we will not 
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attempt to be encyclopedic, but rather will highlight particularly well characterized 

examples, recent studies, and important areas of continuing uncertainty or controversy.

STRUCTURE AND FUNCTION OF NOTCH RECEPTORS AND LIGANDS

Notch receptors are single pass transmembrane proteins composed of a series of distinct 

protein modules. The extracellular region of Notch receptors consist of a series of N-

terminal EGF repeats followed by a juxtamembrane negative regulatory region (NRR) 

comprised of 3 Lin12/Notch repeats (LNRs) and a heterodimerization domain. The 

intracellular region of Notch receptors contain a protein-binding RAM region, seven ankyrin 

repeat domains, a transcriptional activation domain, and a C-terminal degron domain rich in 

the amino acids proline, glutamate, serine, and threonine (PEST) (Figure 2A). Mammals 

express four different Notch receptors, Notch1-4, each encoded by a different gene. These 

receptors contain from 29-36 EGF repeats and also demonstrate structural divergence in 

their C-terminal intracellular regions. Notch1 and Notch2 are expressed widely in many 

tissues throughout development and in adult mammals. By contrast, Notch3 is most 

abundant in vascular smooth muscle and pericytes, and Notch4 most highly expressed in 

endothelium. In line with these expression patterns, Notch1 (1) and Notch2 (2) knockouts 

produce embryonic lethality in mice associated with developmental defects in many organs, 

whereas Notch3 (3) and Notch4 (1) knockout mice are viable have relatively subtle 

phenotypes that are confined to blood vessels.

There are four functional Notch ligands in mammals (Figure 2B), all of which also are 

single-pass transmembrane proteins: Dll1 and Dll4, which are members of the Delta family 

of ligands; and Jag1 and Jag2, which are members of the Serrate family of ligands. There 

also is a Dll3 gene, which cannot activate Notch receptors in trans and appears to encode a 

decoy receptor (4; 5), as phenotypes observed in Dll3 deficient mice are consistent with 

Notch gain-of-function (6). Expression patterns of ligands are less well defined than those of 

receptors, but knockout mice and some congenital human disorders (Table 1) have revealed 

specific functions and preferred cognate ligand-receptor pairs. For example, knockout mice 

showed that expression of Dll4 on thymic stromal cells (7) and Notch1 on T cell progenitors 

(8) is needed to induce T cell development, in line with biochemical studies showing that 

Notch1 has a higher affinity for Dll4 than Dll1 (9). Similarly, Adams-Oliver syndrome, a 

rare autosomal dominant disorder associated with terminal limb defects, may be caused by 

loss-of-function mutations in Notch1 and Dll4 as well as RBPJ. By contrast, Dll1 (10) and 

Notch2 (11) knockout mice have similar defects in splenic marginal B cell development, 

while human Alagille syndrome, a developmental disorder that principally affects the liver, 

biliary tree, and heart, is caused by germline loss-of-function mutations in Jag1 or Notch2. 

As will be discussed, developmental relationships between specific receptors are reflected in 

the patterns of Notch gene mutations that are seen in certain cancers, and have implications 

for the rational development of effective targeted therapies.

MECHANISM OF NOTCH SIGNALING

Notch receptor maturation and activation is dependent upon a series of cleavages carried out 

by 3 different proteases (Figure 3). During trafficking to the cell surface, Notch receptors 
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undergo cleavage by a furin-like protease at site S1 in an unstructured region of the 

heterodimerization domain (12), creating a non-covalently associated heterodimer composed 

of a Notch extracellular subunit and a transmembrane Notch subunit (13). The resulting 

mature receptor is held in the “off-state” by the juxtamembrane Notch negative regulatory 

region (NRR) (14), which consists of three Lin12/Notch repeats (LNRs) and the 

heterodimerization domain. Binding of Notch to a ligand expressed on a neighboring cell 

releases the autoinhibition imposed by the NRR and allows ADAM metalloproteases to 

cleave at site S2, which lies immediately external to the transmembrane domain (15; 16). 

This second, rate-limiting cleavage relies not only on ligand binding to the receptor, but also 

on the delivery of mechanical force to the receptor by the signal-sending cell (17). 

Ubiquitination of the ligand cytoplasmic tail by either of two E3 ligases, Neuralized (18) or 

Mind Bomb (19), is required for ligand-mediated Notch receptor activation in vivo, leading 

to the proposal that ligand endocytosis serves as the origin of the supplied force, but this 

model has yet to be rigorously tested. Both ADAM10 and ADAM17 have been implicated in 

S2 cleavage; ADAM10 appears to be the most important physiologic Notch activator (20; 

21), while ADAM17 may be particularly important for ligand-independent pathophysiologic 

Notch signaling (22). S2 cleavage creates a short-lived transmembrane form of Notch that is 

rapidly cleaved within its transmembrane segment by gamma-secretase (23; 24), releasing 

the Notch intracellular domain (NICD). Once freed from the membrane, NICD translocates 

to the nucleus and forms a Notch transcription complex (NTC) consisting of NICD, the 

DNA binding factor RBPJ (also known as CSL), and coactivators of the Mastermind-like 

(MAML) family (25). Binding of the NTC to Notch regulatory elements (NREs) is followed 

by recruitment of transcriptional coregulators that initiate transcription of Notch target 

genes. Proteins implicated in this step include the histone acetyl transferase p300 (26), 

histone demethylases such as KDM1A (also known as LSD1) (27; 28), and components of 

the mediator complex (29), which initiate transcription of Notch target genes. 

Transcriptional activation correlates with rapid, stereotypical increases in the deposition of 

chromatin marks on nucleosomes adjacent to sites of NTC binding, including H3K4 

trimethylation and H2B ubiquitinylation in the promoters of Notch regulated genes (30), and 

H3K27 (31) and H3K56 acetylation (32) in Notch regulated enhancer elements.

In mammalian cells, evidence to date suggests that the majority of functional NREs reside in 

enhancer elements rather than promoters (31; 33), emphasizing the importance of whole 

genome analyses for understanding Notch regulation of gene expression. Dwell time of 

NTCs on NREs has not been measured directly but is proposed to be short due to evidence 

pointing to transcription-coupled degradation of NICD. In one plausible model, 

phosphorylation of the C-terminal PEST domain by the mediator components cyclinC/Cdk8 

(29; 34) leads to recognition and ubiquitinylation of NICD by E3 ligase complexes, such as 

those containing the F-box protein Fbxw7 (35; 36), which stimulates proteasomal 

degradation of NICD.

Regulation of NICD function also likely involves inputs from many other signaling 

pathways, as NICD is subject to a host of post-translational modifications at other sites, 

including phosphorylation at sites outside of the PEST domain (37–40), arginine 

methylation (41) and hydroxylation (42), and lysine acetylation (43). Precisely how such 

modifications influence the assembly, function and turnover of NTCs is poorly understood, 
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but early work in this area suggests that their impact on function is complex. For example, 

the arginine methyltransferase Prmt4 (also known as Carm1) was recently reported to bind 

and methylate the C-terminal transcriptional activation domain of Notch1 (41). Mutation of 

conserved arginines that are subject to methylation by Prmt4 stabilizes NICD1, but also 

creates phenotypes in frogs and fish that are consistent with Notch loss-of-function rather 

than gain-of-function. Similarly, deletion of the Notch1 transcriptional activation domain in 

mice stabilizes NICD1 while producing a loss-of-function phenotype that manifests as a 

defect in fetal liver hematopoietic stem cells (44), providing indirect evidence for the idea 

that defects that interfere with the intrinsic transcriptional activation activity of NICD also 

affect NICD turnover.

Notch signals rely on stoichiometric release of active molecules in response to bound 

ligands. This unusual signaling mechanism, which does not depend on any enzymatic 

amplification steps, probably serves to enable precise regulation of Notch signal strength 

under normal circumstances. In line with this idea, Notch phenotypes in invertebrate model 

organisms are typically sensitive to changes in gene dosage, and RBPJ, Notch1, Notch2, 

Dll4, and Jag1 haploinsufficiency are all associated with human developmental 

abnormalities (Table 1).

The numerous varieties of post-translational modifications that Notch receptors undergo also 

likely reflect the need for very precise “tuning” of Notch signaling tone. In flies, optimal 

delivery of Notch receptors to the cell surface depends on O-linked fucoslyation of the 

ligand-binding EGF-like repeats in the extracellular domain by Pofut1 (45), which is 

proposed to act as a chaperone for Notch receptors, but this role for Pofut1 is less certain in 

mammalian cells (46). What is consistent across studies in cells and tissues from various 

species is that the addition of fucose residues to consensus acceptor sites by Pofut1 increases 

the capacity of Notch proteins to bind ligands (46). The subsequent addition of N-

acetylglucosamine to O-linked fucose residues by Fringe family enzymes further enhances 

responsiveness to Delta family ligands (47). The recent X-ray structure of a Notch1-Dll4 

complex shows that the ligand contacts the fucose moiety on T466 of the twelfth EGF repeat 

directly (48), providing a structural rationale for the observed ability of Pofut1 and Fringe 

enzymes to increase the affinity of Delta-like ligand for Notch receptors. The O-glucosyl 

transferase Poglut1 (known as Rumi in Drosophila) similarly influences Notch receptor 

activity (49; 50), though the mechanistic basis for Notch loss-of-function in the absence of 

Poglut1 is more poorly understood. As noted above, NICD is subject to host of 

posttranslational modifications, all of which are proposed to modulate NICD stability and 

activity. It also seems highly likely that expression of Notch receptors themselves is under 

very tight control in normal cells; however, at present relatively little is known about the 

regulation of the transcription of Notch genes in various cellular contexts. For example, 

upregulation of Notch1 is critical for early stages of T cell development, whereas 

downregulation of Notch1 past the β-selection checkpoint at the DN3 stage of T cell 

development may be important in preventing sustain Notch signaling, which is potently 

transforming in this lineage. The latter event may occur via signals transduced by the pre-T 

cell receptor that upregulate Id3 and inhibition of Tcf3 (also known as E2A), which has been 

proposed to be an important positive regulator of Notch1 expression at the DN3 stage of 

thymocyte development (51).
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An additional layer of control of Notch target gene expression involves i) inhibitory 

feedback loops and ii) the ability of RBPJ to bind to transcriptional repressors as well as 

NICD. Nrarp is a Notch target gene in vertebrates encoding a small ankyrin repeat protein 

that acts as a negative feedback regulator of signaling (52), and members of the Hairy/

enhancer of split (Hes) family are proposed to have broad roles in negative regulation of 

both themselves and other Notch target genes (53). In the absence of NICD, RBPJ interacts 

with a number of transcription repressors, such as complexes containing Spen (also known 

as Sharp and Mint) (54; 55) that recruit histone deacetylases and the H3K4me3 demethylase 

KDM5A (56), providing RBPJ with a switch-like function that may serve to tighten the 

regulation of Notch target genes. It is unknown whether transcriptional activation and 

repression complexes are assembled on or off of chromatin, and the factors and variables 

that i) determine the fraction of RBPJ molecules that is found in either repression or 

activation complexes and ii) the relative occupancy of NREs by various RBPJ complexes in 

cells remain to be defined.

When considering the balance between RBPJ repressor and activation complexes, it is 

interesting to note that certain transforming viruses, such as Epstein-Barr virus and 

adenoviruses, encode distinct proteins that activate or repress transcription by interacting 

with RBPJ, suggest that the ability to “toggle” between RBPJ-mediated transcriptional 

activation and repression has a critical role in the life cycle of these viruses (Table 2). As 

will be discussed, in certain tumors this delicate balance is disrupted by strong gain-of-

function mutations in Notch receptors, leading to high levels of sustained Notch activation, 

overexpression of Notch target genes, and cellular transformation.

In addition to the canonical Notch signaling pathway shown in Figure 3, in some 

experimental systems it has been noted that deletion of RBPJ fails to precisely mimic the 

effects of pan-Notch receptor inhibition, for example through blockade with gamma-

secretase inhibitors or deletion of multiple Notch genes (57). This has been taken as 

evidence of alternative non-canonical Notch signaling mechanisms; however, the details of 

how non-canonical signaling occurs and its contribution to pathophysiologic states such as 

cancer remains obscure.

Pleiotropic Effects of Notch in Normal and Transformed Cells

Despite the relative simplicity of the core Notch signaling pathway, outcomes produced by 

Notch during development and in adult tissues are remarkably varied. The simplest 

explanation for this pleiotropy is for Notch to activate sets of target genes that also vary 

across different epigenetic contexts. While systematic identification of direct Notch target 

genes has thus far been confined to a relatively small set of cell types, findings to date are 

consistent with this idea. We have compared genes that rapidly respond to Notch activation 

in three human cell types in which Notch1 has an oncogenic role, T-cell acute lymphoblastic 

leukemia (T-ALL), mantle cell lymphoma (a B-cell tumor) and triple negative breast cancer 

(58). In each cell type, Notch1 activation stimulates the expression of >100 genes, but only 5 

of these are common across all three cell types. Notably, one of the common genes is Myc, 

which is an important driver of Notch-mediated transformation in several tumors types 

(discussed later). Only three of these 5 genes (Nrarp, Hey1, and Notch3) overlap with a 
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different set of likely direct Notch1 target genes in murine C2C12 myoblasts (33). Others 

studying the effects of acute Notch activation in several different Drosophila cell types also 

have observed lineage-dependent variation in downstream transcriptional responses (59). 

The variation of transcriptional outputs in response to Notch as a function of cell type 

highlights how methods such as gene set enrichment analysis (GSEA) are likely to be 

misleading when trying to determine Notch activity unless one uses a signature specific for 

the context of interest.

A corollary to this reasoning is that the transcriptional output of Notch activation in any 

given context is likely dictated by pre-existing chromatin states set by upstream “pioneers”, 

transcription factors capable of binding to and opening up repressed chromatin, as well as 

factors that regulate chromatin looping, which is critical for enhancer function. This makes it 

tempting to relegate Notch to the category of “settlers”, transcription factors that alight on 

and work through regulatory elements made accessible by other factors. While this view 

may hold in cells that are arrested at particular stages of development (e.g., cancer cell 

lines), it seems likely that Notch must have a more complex and dynamic relationship with 

pioneer factors during the normal development and differentiation of particular cell lineages. 

For example, Notch1 is essential to specificy adult-type hematopoietic stem cells in the 

dorsal aorto-gonadal-mesonephros (AGM) region, and lineage-tracing experiments place 

Notch upstream of pioneer factors such as Runx1, Myb, and Gata2 in this process (60). 

Perhaps Notch acts in combination with certain pioneer factors at lineage decision branch 

points to turn on downstream pioneer factors, which then modify chromatin landscapes so as 

to enable Notch to drive a different set of transcriptional outputs during subsequent 

downstream cell fate decisions.

The outcome of Notch activation also is influenced by signal strength, which determines the 

number of NTCs that are available to bind to any particular NRE. NREs vary in sequence 

and affinity for RBPJ and come in two forms, monomeric sites and highly conserved 

“sequence paired sites” consisting of head to head RBPJ binding sites separated by 15-17 

base pair spacers (61). Sequence paired sites bind NTCs cooperatively and may be 

preferentially associated with genes that respond to Notch activation with rapid kinetics (62). 

Thus, short, relatively weak Notch signals may only activate a subset of target genes, 

whereas stronger, longer duration signals (as in tumor cells with constitutively active Notch) 

may lead to activation of larger sets of genes, perhaps even “capturing” genes that are not 

subject to Notch regulation at physiologic doses.

In addition to the core canonical Notch signaling pathway described above, diverse lines of 

investigation have raised the possibility of non-canonical Notch signaling mechanisms. In 

mammalian cells this has mainly focused on possible interactions involving NICD with 

downstream effectors other than RBPJ. For example, evidence has been generated 

suggesting that NICD physically interacts with β-catenin (63), Smad proteins (64), and 

HIF-1α (65), thereby providing a means for direct crosstalk between Notch and the Wnt, 

TGFβ, and hypoxia-dependent signaling pathways. However, it is noteworthy that most 

Notch-dependent cancer phenotypes described to date can be perturbed by interfering with 

the expression or function of RBPJ or MAMLs, that is, other components of the canonical 
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Notch signaling pathway. Thus, the importance of non-canonical Notch signaling in cancer 

remains to be determined.

MUTATIONAL PATTERNS POINT TO DIVERGENT ROLES FOR NOTCH IN 

DIFFERENT CANCERS

Sequencing of cancer genomes has revealed three distinct patterns of Notch gene mutation 

in various human tumors (Figure 4), each reflecting context-specific selective pressure for 

altered Notch function. The prototype (pattern 1) was first discovered through analysis of a 

rare (7;9) chromosomal translocation in T-ALL that produces a chimeric gene consisting of 

the 3′ end of Notch1 fused to enhancer elements of the TCRβ gene (66). Such 

rearrangements completely remove the NRR coding sequence and lead to expression of 

truncated Notch1 polypeptides that undergo ligand-independent proteolysis and conversion 

to NICD1. We subsequently identified much more frequent point substitutions and in-frame 

insertion/deletion mutations in T-ALL that also disrupt the structure of the Notch1 NRR 

(67), again resulting in ligand-independent Notch1 proteolysis and activation. By contrast, 

murine T-ALLs arising in many different genetic backgrounds have RAG-mediated 5′ 
deletions in Notch1 that remove the proximal Notch1 promoter, leading to expression of 

truncated transcripts similar to those seen in human T-ALLs with the t(7;9) (68). A limited 

number of other tumors also have point substitutions or 5′ Notch1 deletions that disrupt the 

NRR (Table 3), including subsets of triple negative breast cancer (58; 69), adenoid cystic 

carcinoma (70–72)(and unpublished data, JCA), and tumors derived from pericytes or 

smooth muscle (73). T-ALL (67), triple negative breast cancers (74), and adenoid cystic 

carcinoma (70; 72) also are sometimes associated with nonsense and frameshift mutations 

that result in loss of the C-terminal PEST degron domain (Figure 4). These two types of 

mutations are sometimes found in cis in the same allele, a configuration that leads to high 

levels of NICD1 (67). Thus, in some tumor types, there is ongoing selective pressure for 

accumulation of ever-higher levels of constitutive Notch activation.

The second pattern is defined by tumors in which frameshift, nonsense, or alternative 

splicing mutations affecting the Notch PEST domain are observed in the absence of 

mutations disrupting the Notch NRR (Figure 4). This pattern is mainly confined to B cell 

tumors such as chronic lymphocytic leukemia (75–77), splenic marginal zone lymphoma 

(78; 79), and mantle cell lymphoma (80), as well as occasional diffuse large B cell 

lymphomas (81–83) and peripheral T cell lymphomas, such as adult T-cell leukemia/

lymphoma (84). Based on the logic of Notch receptor activation and regulation, several 

conclusions can be drawn regarding Notch signaling in tumors exhibiting “PEST only” 

mutations: 1) there is no selective pressure for constitutive (i.e., ligand-independent) Notch 

activation, presumably because it is disfavored; 2) the dose of Notch that provides a selective 

advantage is likely to be lower than in tumors with mutation pattern 1; and 3) the selective 

pressure for increased Notch activation is likely to be confined to one or more 

microenvironments where tumor cells engage Notch ligands expressed on stromal cells. In 

line with the latter idea, in situ staining of lymph nodes involved by Notch1 PEST domain-

mutated chronic lymphocytic leukemia has shown that levels of activated Notch1 are 

substantially higher within lymph nodes than immediately adjacent extranodal soft tissues 
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(85). An alternative explanation that has been proposed for Notch activation in tumor cells 

bearing only PEST deletions is that activation depends on ligands expressed in the tumor 

cells (see reference (86), for example). Though not formally disproven, such a mechanism is 

at odds with evidence from developmental and cell culture systems that co-expression of 

ligand and receptor in the same cell leads to Notch inhibition rather than Notch activation, a 

phenomenon referred to as cis inhibition (87; 88).

The third mutational pattern is marked by disruptive nonsense, frameshift, or point 

substitutions in the N-terminal portions of Notch receptors, all of which are predicted to 

produce loss of Notch function. Some of these mutations simply lead to a failure to produce 

Notch protein, but occasional point mutations or truncations result in the expression of 

dominant negative decoy receptors with disabled or deleted intracellular domains (89). Loss-

of-function mutations in Notch receptors are particularly prevalent in squamous cell 

carcinomas of the skin (89), head and neck (90; 91), esophagus (92), and lung (89; 93), and 

also are seen in small cell lung cancers (94), urothelial carcinomas (95), and low-grade 

gliomas (96). The identification of disruptive Notch mutations in squamous cancers was 

presaged by experiments showing that Notch1 deletion greatly increases the incidence of 

skin tumors in mice exposed to carcinogens (97) and dominant negative MAML1 is a potent 

inducer of cutaneous squamous cell carcinoma (98).

Somatic mutations involving components of the Notch signaling pathway other than Notch 

receptors have been reported in cancers, but are generally less common. A possible 

exception to this rule is found in one recent study reporting frequent RBPJ copy number loss 

and diminished RBPJ protein expression in a sizable minority of several types of carcinoma, 

particularly breast cancers. It is proposed that the reduction in RBPJ gene dosage in cancers 

in which Notch has an oncogenic role, such as breast cancer, leads to the derepression of 

oncogenic Notch target genes, presumably because of a failure of RBPJ to recruit co-

repressors to genomic regulatory elements (99). However, this same study also identified 

RBPJ deletions in tumors in which Notch has a clear tumor suppressive role, such as 

squamous cell carcinoma, suggesting that the relationship between altered RBPJ gene 

dosage and carcinogenesis is complex and may vary depending on tumor type. Other work 

has shown that MAML2 is frequently involved by translocations in mucoepidermal 

carcinoma (100), but the resulting CRTC1-MAML2 fusion gene does not appear to alter 

Notch signaling.

To summarize, based on mutational patterns, it is clear that Notch receptors can function as 

cell autonomous oncoproteins, cell autonomous tumor suppressors, or microenvironment-

dependent oncoproteins in different cellular contexts. With this as an overview, we will now 

discuss specific cancer-relevant Notch functions, focusing on the cell autonomous actions of 

Notch in tumor cells.

NOTCH, CELL GROWTH, AND WARBURG METABOLISM

The best-characterized oncogenic function of Notch in human cancers is to turn on programs 

of gene expression that support increased cell growth. Much of this work has been 

conducted in human and murine T-ALL primary tumors and cell lines and is centered on the 

ability of Notch to increase expression of Myc (101–103), a global regulator of pro-growth 
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metabolism (104). In line with the importance of Myc as a Notch target gene, transgenic 

expression of Myc in hematopoietic progenitors drives the development of Notch-

independent T-ALL in mice (105) and in zebrafish (106), and retroviral expression of Myc 
partly or completely rescues Notch-addicted human T-ALL cell lines from Notch pathway 

inhibition (107).

The question of precisely how Notch regulates Myc was addressed recently by several 

groups that used chromatin immunoprecipitation coupled to Next Gen Sequencing (ChIP-

Seq) to identify genomic Notch response elements in an unbiased fashion. Studies with anti-

Notch1 antibodies and antibodies that recognize certain “activated” chromatin marks such as 

acetylated H3K27 revealed a large multidomain enhancer >1 Mb 3′ of Myc that binds 

Notch transcription complexes (NTCs) (108; 109). Remarkably, deletion of a 1Kb sequence 

(termed the Notch dependent Myc enhancer, or NDME) that includes the enhancer binding 

sites for RBPJ completely abolished the ability of Notch to drive Myc expression in T-ALL 

cells and in normal thymocytes, yet apparently produces no other deleterious phenotypes in 

mice (suggesting that many lineage-specific enhancers are likely to be located in the large 

“gene desert” surrounding Myc) (108). Similar far-ranging effects of Notch on other large 

enhancer regions in T-ALL cells also have been observed (31). Thus, binding of NTCs to a 

single regulatory element can control the activation state of large chromatin domains through 

unknown mechanisms that must involve the recruitment and highly regulated “spreading” of 

histone modifying complexes.

Another measure of the importance of Myc as a Notch target is that resistance to Notch 

inhibitors (such as GSIs) is associated with re-expression of Myc via Notch-independent 

mechanisms (110; 111) (Figure 5). In T-ALL cells, this appears to involve epigenetic 

“remodeling” of the Myc 3′ enhancer. Specifically, GSI resistant cells appear to adopt a 

Myc enhancer state in which enhancer domains immediately adjacent to the NDME are 

silenced and Myc expression instead relies on an adjacent enhancer domain that has been 

previously shown to regulate Myc expression in acute myeloid leukemia (AML) cells (109; 

112). This alternative enhancer domain has been shown to depend on the bromodomain 

protein BRD4 for its function, and hence has been termed the BRD4-dependent Myc 
enhancer (BDME). As would be anticipated, T-ALL that adopt the GSI-resistant state are 

hypersensitive to BRD4 inhibitors (111), and combining GSI and BRD4 inhibitors appears 

to have at least additive anti-leukemia effects in xenografted models of T-ALL (111; 113). It 

remains to be determined if this phenomenon of Myc enhancer “plasticity” explains the 

relatively modest effects of GSI treatment to date in clinical trials conducted in patients with 

relapsed/refractory T-ALL. Similarly, we also have observed that some T-ALL cell lines that 

are exceptionally sensitive to GSI have an active NDME and a relatively silent BDME 

(Figure 5). It will be of interest to determine if this alternative enhancer state correlates with 

better responses to GSIs and other Notch inhibitors in preclinical models and in patients 

treated within the context of clinical trials.

Beyond influencing Myc, Notch signaling has been shown to interact with a number of other 

pro-growth pathways in cell types in which it has oncogenic activity. One of the most 

notable examples is found in the ability of Notch to enhance PI3K-Akt signaling in T-ALL 

cells, probably through multiple mechanisms. Notch appears to be able to suppress 
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expression of the tumor suppressor Pten, which normally acts as a brake on PI3K-Akt 

signaling, through induction of Hes1, which functions as a transcriptional repressor (114). In 

T-ALL cells, Notch also binds to long-range enhancers controlling the expression of several 

surface receptors that transduce signals leading to PI3K-Akt activation, such as the IL7 

receptor (31; 115) and the IGF1 receptor (31; 116).

Akt has a number of pro-oncogenic activities, including increasing the expression of glucose 

transporters that augment Warburg metabolism, and some studies suggest that Pten loss-of-

function mutations, which are often seen in T-ALL, lead to resistance to Notch inhibitors 

(114). However, in experiments conducted in a conditional mutant Kras model of T-ALL, we 

found that retroviral expression of Myc completely suppressed the acquisition of Notch1 
gain-of function mutations and that Myc driven T-ALLs were accordingly GSI resistant 

(Figure 6). By contrast, T-ALLs arising in a model in which there was retroviral expression 

of constitutive active Akt still acquired Notch1 gain-of-function mutations and retained GSI 

sensitivity. Thus, while crosstalk between Notch and PI3K-Akt may well contribute to the 

genesis and maintenance of T-ALL, the weight of the evidence points to a preeminent role 

for the Notch-Myc signaling axis in this particular tumor type. Of note, other common 

mutations that are seen in T-ALL, particularly dominant negative mutations in Fbxw7, may 

also act to increase Myc protein levels.

Is Myc a direct Notch target in all tumor types in which Notch gain-of-function mutations 

are observed? The answer is not in, as direct Notch target genes have yet to be firmly 

identified in Notch-mutated B cell tumors and breast cancers (most work has been confined 

to a few cell lines) and are completely unknown in other tumor types such as adenoid cystic 

carcinoma. One recent report using feeder cells observed that Notch ligands appear to 

upregulate Myc expression and certain aspects of Warburg metabolism in chronic 

lymphocytic leukemia cells (117), suggesting that Notch-mutated B cell tumors also rely on 

the Notch-Myc connection. Other work in mouse models has suggested that Myc is essential 

for development of Notch-induced breast cancer (118). Since deletion of the NDME has no 

effect on B cell and mammary development, if Notch is indeed directly driving Myc 
expression in B cell tumors and breast cancers, it must do so through other regulatory 

elements in these tumors. In the case of B cell tumors, a likely alternative regulatory element 

is found approximately 0.5 Mb 5′ of the Myc gene body, as prior work in Epstein-Barr virus 

(EBV) transformed B cells has identified RBPJ binding sites in this region that also bind 

EBNA2, a “Notch-like” EBV-encoded RBPJ binding protein (119). Notch-regulation of Myc 
in breast cancer cells has been proposed to occur through an RBPJ binding site in the 

proximal Myc promoter (118), but an unbiased genome-wide ChIP-Seq analysis to identify 

RBPJ/Notch binding sites in the genomes of breast cancer cells has yet to be performed. On 

the other hand, detailed analysis of a case of human Notch1-mutated early T cell progenitor 

ALL that responded completely to GSI treatment argues that target genes other than Myc 
must be important in some tumors (120). Specifically, in this highly responsive case the Myc 
3′ enhancer was in the “AML” configuration in which Myc expression is independent of 

Notch, and accordingly treatment of this tumor ex vivo with GSI did not alter Myc 
expression. This case highlights the importance of correlative studies within the context of 

clinical trials to understand why tumors respond (or fail to respond) to Notch inhibitors.
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Other work has focused on potential interactions between Notch, hypoxia, HIF transcription 

factors, and tumor cell metabolism (42; 65; 121). Crosstalk has been proposed to occur at 

multiple levels in particular cell contexts, but whether these observations can be extended 

generally to cancers in which Notch signaling has pro-oncogenic functions is uncertain.

NOTCH AND CELL SURVIVAL

As already mentioned, Notch activation has been proposed to augment PI3K-Akt signaling 

in T-ALL as well as in other contexts as divergent as the developing Drosophila eye (114). 

Akt lies at the center of a signaling node that phosphorylates a large number of substrate 

proteins and thereby regulates a number of potentially oncogenic activities, including cell 

survival via inhibition of Foxo transcription factors, activation of NF-kB, and 

phosphorylation of components of the caspase cascade and downstream effectors of 

apoptosis such as Bad (122).

As a general rule, Notch activation is often correlated with activation of NF-kB, a pro-

survival transcription factor that is hyperactive in many cancers, but the mechanism by 

which this occurs is not well understood and may be multifactorial. In addition to activation 

via PI3K-Akt (described above), it has been proposed in T-ALL that the Notch gene Hes1 
suppresses the expression of the tumor suppressor Cyld, an inhibitor of NF-kB, leading to 

NF-kB activation and enhanced T-ALL cell survival (123). However, individuals with 

inherited mutations in Cyld have not been reported to be susceptible to T-ALL, and somatic 

Cyld loss-of-function mutations have yet to be described in T-ALL or other tumors in which 

Notch has an oncogenic function. Other work suggests that activated Notch stimulates the 

expression of genes encoding NF-kB transcription factors such as Relb and Nfkb2 in T-ALL 

cells (124), or that Notch stimulates NF-kB activity by promoting its nuclear retention (125).

Multiple lines of investigation have identified Notch as a mediator of increased tumor cell 

survival in the context of chemotherapy. Bevan’s group was the first to show that activated 

Notch protected thymocytes and T-ALL cells from glucocorticoid-mediated apoptosis (126), 

an effect that is proposed to stem from Notch-dependent upregulation of Akt leading in turn 

to phosphorylation and nuclear export of glucocorticoid receptors (127). Similarly, groups 

doing unbiased screens for drugs that synergize with Notch inhibitors to kill T-ALL cells 

have confirmed strong synergistic interactions between Notch pathway inhibitors and 

glucorticoids (128; 129). These observations have provided the rationale for clinical trials of 

GSIs combined with glucocorticoids such as dexamethasone in patients with relapsed/

refractory T-ALL.

Other focused studies have produced evidence that the introduction of strong gain-of-

function Notch alleles into melanoma and breast cancer cell lines affords relative protection 

against drugs that target estrogen receptor and the MAPK signaling pathway (130). 

However, the precise mechanisms by which Notch protects cancer cells from chemotherapy 

in vitro and the relevance of this activity to drug resistance in vivo remain to be determined.

NOTCH AND TUMOR CELL FATE CHOICES

Arguably, the best characterized developmental role for Notch is as an arbiter of cell fates 

within multipotent progenitors, as perturbation of Notch signaling often leads to hyperplasia 
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of one cell type, frequently at the expense of alternative fates. Well-characterized 

mechanisms of cell fate determination involving Notch include lateral inhibition, induction 

(e.g., T cell development), and sensitization of cells to other signaling pathways that 

influence fate choices (e.g., sensitization of non-polarized activated T cells to chemokines/

cytokines that skew helper T cell fate). In an unexpected wrinkle on this theme, other recent 

work has shown that ligand-mediated Notch signaling prevents secretory cells in pulmonary 

airways from directly transdifferentiating into non-secretory ciliated cells (131).

It thus might be expected that in tumors characterized by the presence of multiple cell types, 

Notch signaling might act by favoring one cell fate at the expense of others. This expectation 

has recently been realized in studies of adenoid cystic carcinoma (ACC) (132), an epithelial 

cancer that most commonly arises in salivary gland or the trachea and occasionally occurs in 

other sites such as the breast. ACC is highly associated with gene rearrangements that drive 

expression of Myb, a pioneer DNA-binding factor that is believed to be a key driver of 

cellular transformation in this particular tumor type. Most ACCs (roughly 90%) are biphasic 

tumors composed of variable mixtures of myoepithelial cells and gland-like epithelial cells, 

both of which harbor the same founding Myb rearrangement. The remaining 10% of tumors 

are “solid” variants composed only of epithelial cells that tend to pursue a much more 

aggressive clinical course.

Our interest in ACC was piqued by the recent discovery by several groups of gain-of-

function Notch1 mutations in roughly 10% of ACCs (70–72). Using a reliable 

immunohistochemical stain that is specific for activated Notch1 (85), we noted that virtually 

all ACCs have ongoing Notch1 activation, but in two distinct patterns. In biphasic ACCs, 

only a subset of cells is activated Notch1 (NICD1) positive, whereas in solid variants all 

cells contain NICD1. We subsequently determined that in both tumor types, NICD1 is 

confined to p63-negative epithelial cells, whereas myoepithelial cells are positive for p63 

and negative for NICD1. Finally, we noted that solid tumors have a high incidence of Notch1 
gain-of-function mutations.

These results are consistent with a model in which a Myb transformed bipotent epithelial 

precursor gives rise to two lines of differentiation depending on the Notch activation state of 

the cells (Figure 7). In Notch1 wildtype tumors, differentiating cells assort into two fates, 

one (epithelial) Notch-on/p63 off, the second (myoepithelial) Notch-off/p63 on. How this 

occurs is unclear, but ACC tumor cells express ligands such as Jag1, suggesting a lateral 

inhibition-type mechanism. When a Notch1 gain-of-function mutation is acquired, the 

myoepithelial fate is suppressed at the expense of the epithelial fate, which appears to be 

associated with more aggressive cellular behavior. Recognition of an important role for 

Notch in ACC has led to new trials of Notch pathway inhibitors in this disease. Whether 

Notch will prove to have similar roles in other biphasic human cancers remains to be 

ascertained.

The ability to influence differentiation also may explain the strong selection for Notch loss-

of-function mutations in squamous cell carcinomas, which in total likely are the most 

common tumors with Notch mutations. Interestingly, the basis for the tumor suppressive 

activity of Notch in squamous epithelia may again involve crosstalk with p63. In squamous 
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epithelia, p63 is preferentially expressed in basilar cells, on which p63 confers self-renewing 

activity (133). As these cells divide along an axis parallel to the basement membrane, one 

daughter cell leaves the basal niche and assumes a suprabasilar position. Here, ligands 

expressed on neighboring cells activate Notch, which (as in ACC) appears to oppose the 

action of p63 (134). However, p63 downregulation and Notch activation in the context of 

squamous epithelia initiates a program of cell cycle arrest and terminal squamous 

differentiation (135), functions that are tumor suppressive. Precisely how Notch achieves 

these tumor suppressive functions awaits unbiased studies designed to identify functional 

RBPJ/Notch binding elements in the genomes of keratinocytes and other squamous cell 

types. The same knowledge gap also exists in other cancers in which Notch has tumor 

suppressive roles, such as urothelial carcinoma (95), small cell lung cancer (94), and low-

grade gliomas (96).

Notch1, Notch2, and Notch3 are expressed in squamous epithelial cells and some squamous 

cancers have mutations in multiple Notch genes (89), suggesting that there is ongoing 

selection for subclones with ever decreasing Notch signaling tone. This may explain why 

models that employ ectopic expression of pan-Notch inhibitors such as dominant negative 

MAML1 (98) are more potent inducers of squamous cancers in mice than are conditional 

knockouts of individual Notch genes (97). It is also notable that certain strains of human 

papilloma virus (HPV) express variant E6 proteins that target and inhibit the function of 

MAML1 instead of p53 (136–138), one of a number of examples of viruses hijacking the 

Notch signaling pathway to support their life cycle (Table 2).

Although genetic evidence for a tumor suppressive role of Notch is strong in squamous 

cancers, it is clear that loss of Notch function is not sufficient to cause them. Patchy 

expression of dominant negative MAML1 in the basal epithelium cells of the esophagus 

enhances self-renewal, allowing the Notch-inhibited cells to outcompete their neighbors, but 

tumors do not occur (139). Similarly, sequencing of human skin from sun-exposed 

individuals has identified frequent loss-of-function Notch gene mutations in non-neoplastic 

skin (140). Other work has suggests that defective Notch signaling in the skin, either in the 

epidermis or the dermis, compromises epidermal barrier and secretory functions so as to 

promote pro-oncogenic inflammatory responses (141; 142). How host response factors, as 

well as common mutations in other genes such as TP53, interact with defects in Notch 

signaling to cause squamous cancers are yet to be well understood.

MAINTAINING STEMNESS

While there is no evidence to suggest that Notch is a general “stemness” factor, in certain 

lineages Notch activation appears to favor maintenance or expansion of stem cell pools at 

the expense of differentiation, an activity with obvious potential cancer relevance. Notably, 

mouse models have consistently implicated Notch in maintenance of neural stem cells in the 

fetal brain (143; 144). These observations and others from developmental biology have led 

investigators to hypothesize that Notch might have a similar role in maintaining cancer stem 

cell populations, particularly in solid tumors such as glioblastoma (145; 146), ovarian cancer 

(147; 148), and breast cancer (149; 150). Multiple studies using cell lines and 3-dimensional 

organotypic explants have shown that Notch inhibitors decrease expression of markers that 
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correlate with “stemness” and that Notch inhibitors sensitize cancer cells to chemotherapy 

and radiation. Other work in mouse models of breast cancer driven by oncogenes such as 

Her2 have suggested that in vivo Notch is involved in producing tumor dormancy (151), a 

phenomenon whereby tumor cells enter a prolonged cell cycle arrest, a state of “hibernation” 

that results in resistance to therapies that target actively growing cells. Most of these models 

lack mutations in Notch genes, suggesting that Notch activation depends on ligand 

engagement with Notch receptors in a microenvironmental niche. There is evidence in 

ovarian cancer that Notch activation occurs preferentially in tumor cells near small vessels 

(152), which express both Jagged and Delta ligands and could be involved in creation of 

such a niche. In line with this idea, another model proposes that soluble Jag1 released from 

endothelial cells by ADAM metalloproteases activates Notch in nearby colorectal carcinoma 

cells and imparts a stem-like phenotype (153). Parenthetically, this is not the first report 

suggesting that shed Jag1 supports stem cell maintenance by activating Notch (154), an 

effect that runs counter to current models of Notch activation and that remains to be 

explained mechanistically. To date, however, the beneficial effects of Notch inhibition in 

preclinical models where Notch is proposed to promote “stemness” or tumor dormancy have 

yet to translate to clinical trials in which Notch inhibitors are combined with conventional 

therapies.

TRIGGERING EPITHELIAL-MESENCHYMAL TRANSITION (EMT) AND METASTASIS

EMT is an alteration in cell state marked by downregulation of proteins involved in 

intercellular adhesion such as E-cadherin, reorganization of the cellular cytoskeleton, and 

upregulation of markers of mesenchymal cells such as vimentin. It can be induced by 

expression of the transcription factors Snail, Slug, Twist, and Zeb1, which directly regulate 

genes that mediate EMT. Many signaling pathways have been implicated in control of EMT, 

including Notch. For example, EMT is required for endocardial cushion formation during 

cardiac development, and Notch deficiency has been reported to lead to defects in Snail and 

Slug expression and endocardial cushion EMT (155; 156).

In the context of cancer, EMT has been implicated in metastasis, tumor initiating capacity, 

and drug resistance (157). Since the ability of Notch to skew cell states such as fate choices 

is well established, a direct role for Notch in EMT is plausible. Indeed, multiple reports over 

the past decade have proposed that Notch has a role in promoting tumor metastasis (121; 

158–164) as well as resistance to both conventional chemotherapy (148; 165–167) and 

targeted therapy (130; 168). However, the connections between Notch and EMT are less 

pervasive, both during development and in cancer, than are connections between EMT and 

other pathways, particularly the TGFβ signaling pathway. Moreover, there are few if any 

examples in which it has been shown that altered Notch signaling mediates tumor-resistance 

to drugs in patients on clinical trials. This is a critical issue, since several recent studies 

using lineage tracing in mouse models of solid tumors have produced intriguing evidence 

that the principal effect of EMT is to slow cellular proliferation and render cancer cells more 

resistant to therapy, with little or no impact on the incidence of metastasis (169; 170). Thus, 

while targeting of EMT remains a logical goal, the rationale for doing so may be in a state of 

flux and the importance of Notch in EMT remains unsettled.
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Other workers have proposed that Notch ligands expressed by stromal cells trigger tumor 

cell invasion or support the growth of tumor cells by activating Notch in the metastatic 

niche. An example of the former effect has been observed in mouse models of colorectal 

carcinoma, in which it is proposed that ligands expressed on vessels activate Notch and 

stimulate tumor invasion and intravasation, effects that are suppressed the endogenous 

RBPJ-binding corepressor Aes (161) and promoted by a Notch/Dab/Trio signaling axis 

(162). Following tumor cell extravasation, Jag ligands expressed on osteoblasts in bone and 

astrocytes in brain have been implicated in the growth of metastatic breast cancer in mouse 

models (163; 171). As with EMT, whether these are general functions of Notch of broad 

relevance in human cancer remains to be established.

ENHANCING GENOMIC INSTABILITY

Notch has been proposed to participate in context-specific crosstalk with pathways that 

regulate genomic stability, particularly the p53 response. As already discussed, PI3K-Akt 

signaling appears to be augmented by Notch in some tumor types. Among Akt substrates is 

Mdm2, a negative regulator of p53 stability whose nuclear localization and activity appears 

to be increased by Akt-dependent phosphorylation (172). Notch signaling rises to a 

crescendo during normal thymocyte development at the time of β-selection when TCRβ 
rearrangements are occurring, and it makes intuitive sense that cells undergoing 

programmed DNA breakage might need to downregulate TP53 to prevent unwanted 

activation of the DNA damage response. Notch-mediated suppression of TP53 expression 

might also explain why TP53 mutations are relatively rare in primary T-ALL (this is not true 

of cell lines, which often have TP53 mutations). In line with this idea, in some murine T-

ALL models withdrawal of Notch signals leads to p53 upregulation and tumor regression 

(173). However, precisely how Notch suppresses TP53 in the context of immature T cells 

remains an unsolved mystery. There also is evidence of complex interactions between Notch 

and TP53 in contexts such as squamous epithelial cells in which Notch functions as a tumor 

suppressor (174). These proposed interactions have been reviewed elsewhere and will not be 

discussed further here.

NOTCH AND STROMAL-TUMOR CELL INTERACTIONS

Together with VEGF, Notch has an essential role in coordinating many aspects of vessel 

development and maintenance (175) and cancer-related neoangiogenesis (176). The latter 

relies on Notch1 activation by the ligand Dll4, which has provided part of the rationale for 

ongoing trials of Dll4 blockade in cancer patients. Dll4 blockade has measurable anti-tumor 

effects in animal models of various cancers (177), but this has yet to translate into clear 

therapeutic signals in clinical trials. Alternatively, Notch has also been implicated as a key 

general co-activator of T cells (178) and as a pathway that favors polarization of activated 

macrophages towards the M1 state (179; 180), both of which could augment the host 

immune response against cancer in the local microenvironment.

Because of the complexity of these roles and the difficulty of measuring Notch activation 

and downstream effects in tumors, the remains much uncertainty about the overall 

contribution of Notch to the biology of stromal-host cell interactions. Nonetheless, some 

intriguing preclinical data have emerged that suggest that modulation of host responses with 
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selective Notch pathway inhibitors holds therapeutic promise. For example, short-term 

treatment with Dll4 or Notch1 blocking antibodies in the immediate post-transplant setting 

abrogates graft-versus-host disease without any measurable deleterious effects on graft-

versus-leukemia effects (181), possibly because of a role for Dll4 expressed on lymph node 

stromal cells in priming of Notch-expressing T cells (182). Further investigation of Notch 

effects on host immunity in various disease settings clearly appears to be merited.

CONCLUDING REMARKS

The varied outcomes of Notch signaling in normal and transformed cells emphasizes the 

importance of direct determination of Notch effects in cell types of interest, rather than 

attempting to do so by extrapolation from studies conducted in other cell types. The varied 

outcomes of Notch signaling in normal and transformed cells emphasizes the importance of 

direct determination of Notch effects in cell types of interest, rather than by attempting to 

extrapolate from studies conducted in other cell types. It is likely that some of the current 

contradiction and confusion with respect to the role of Notch in cancer has resulted from 

studies reported using such misguided extrapolations. Other tumors in which important roles 

for Notch have been proposed but where a causal link remains unclear include myeloid 

neoplasms (183; 184), ovarian cancer (185), and melanoma (186). Part of the uncertainty in 

these tumor types is the failure to identify recurrent mutations in Notch genes, which can be 

taken as incontrovertible evidence of a role for Notch in that tumor type. In tumors in which 

acquired Notch mutations are frequent, it still remains for investigators to determine which 

of many potential roles Notch might be playing in their tumor of interest. These roles are 

reasonably well understood only in T-ALL, and there is much work that remains to be done 

to determine the oncogenic function of Notch in other Notch-associated cancers such as 

triple negative breast cancer, adenoid cystic carcinoma, and B cell lymphomas and 

leukemias, as well as the tumor suppressive functions of Notch in squamous cell carcinomas 

and other tumors.

In the absence of mutational evidence, a role for Notch in any given cancer can also be 

probed by determining phenotypes that result from perturbation of Notch signaling with 

specific inhibitors. GSIs have the advantage of being cheap and easy to obtain, but are 

broad-spectrum inhibitors associated with both on-target toxicity and off-target effects. A 

number of pharmaceutical companies, by contrast, have produced highly selective antibody 

inhibitors of individual Notch receptors and ligands (131; 176; 187–190), which are in many 

ways ideal for testing the role of Notch signaling components in individual cancers. They 

also have the potential to reveal completely new and unexpected functions, such as the role 

of Jagged ligands in preventing the transdifferentiation of secretory cells into ciliary cells in 

the tracheal mucosa (131). The important caveat to the use of antibodies is that some tumor-

associated Notch receptor mutations can both activate the receptor and prevent effective 

targeting by antibody, a limitation of importance to both lab- and clinic-based investigators.

Work on the role of Notch signaling in cancer also has been hampered by the lack of 

diagnostic reagents and biomarkers. There are relatively few well-characterized, reliable 

reagents for identifying Notch pathway components in archival formalin-fixed paraffin-

embedded tumor samples, and as mentioned gene signatures for Notch activation have been 
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determined in only a few cellular contexts. Two currently available immunohistochemical 

tests that appear to be reliable use monoclonal antibodies that specifically detect neoepitopes 

created by gamma-secretase cleavage of Notch1 (85) and Notch3 (191), enabling the 

detection of activated Notch1 and Notch3 in formalin-fixed, paraffin-embedded samples 

(Figure 8). In principle, it should be possible to develop analogous tests that are specific for 

activated Notch2 and Notch4. Also needed are reliable tests for Notch ligands, particularly 

members of the Delta-like family. Development of a more complete and robust set of 

biomarker tests related to Notch and its downstream effects would benefit investigators and 

also help guide clinical trials of Notch pathway inhibitors, none of which to date have used 

biomarkers as criteria for patient selection. Only when these additional tools are available is 

it likely that the complex roles of Notch in cancer will be fully unraveled, hopefully in turn 

setting the stage for better designed, more efficacious trials of Notch pathway inhibitors in 

cancer patients.

Acknowledgments

J.C.A., W.S.P., and S.C.B. are supported by grants from the National Institutes of Health (P01 CA119070, R01 
AI047833, and R01 CA92433), the Leukemia and Lymphoma Society (7003-13), the William Lawrence & Blanche 
Hughes Foundation, and the Adenoid Cystic Carcinoma Research Foundation.

LITERATURE CITED

1. Krebs LT, Xue Y, Norton CR, Shutter JR, Maguire M, et al. Notch signaling is essential for vascular 
morphogenesis in mice. Genes Dev. 2000; 14:1343–52. [PubMed: 10837027] 

2. Hamada Y, Kadokawa Y, Okabe M, Ikawa M, Coleman JR, Tsujimoto Y. Mutation in ankyrin 
repeats of the mouse Notch2 gene induces early embryonic lethality. Development. 1999; 
126:3415–24. [PubMed: 10393120] 

3. Domenga V, Fardoux P, Lacombe P, Monet M, Maciazek J, et al. Notch3 is required for arterial 
identity and maturation of vascular smooth muscle cells. Genes Dev. 2004; 18:2730–5. [PubMed: 
15545631] 

4. Ladi E, Nichols JT, Ge W, Miyamoto A, Yao C, et al. The divergent DSL ligand Dll3 does not 
activate Notch signaling but cell autonomously attenuates signaling induced by other DSL ligands. J 
Cell Biol. 2005; 170:983–92. [PubMed: 16144902] 

5. Geffers I, Serth K, Chapman G, Jaekel R, Schuster-Gossler K, et al. Divergent functions and distinct 
localization of the Notch ligands DLL1 and DLL3 in vivo. J Cell Biol. 2007; 178:465–76. 
[PubMed: 17664336] 

6. Chapman G, Sparrow DB, Kremmer E, Dunwoodie SL. Notch inhibition by the ligand DELTA-
LIKE 3 defines the mechanism of abnormal vertebral segmentation in spondylocostal dysostosis. 
Hum Mol Genet. 2011; 20:905–16. [PubMed: 21147753] 

7. Hozumi K, Mailhos C, Negishi N, Hirano K, Yahata T, et al. Delta-like 4 is indispensable in thymic 
environment specific for T cell development. J Exp Med. 2008; 205:2507–13. [PubMed: 18824583] 

8. Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, et al. Deficient T cell fate specification in 
mice with an induced inactivation of Notch1. Immunity. 1999; 10:547–58. [PubMed: 10367900] 

9. Andrawes MB, Xu X, Liu H, Ficarro SB, Marto JA, et al. Intrinsic Selectivity of Notch 1 for Delta-
like 4 over Delta-like 1. J Biol Chem. 2013

10. Hozumi K, Negishi N, Suzuki D, Abe N, Sotomaru Y, et al. Delta-like 1 is necessary for the 
generation of marginal zone B cells but not T cells in vivo. Nat Immunol. 2004; 5:638–44. 
[PubMed: 15146182] 

11. Saito T, Chiba S, Ichikawa M, Kunisato A, Asai T, et al. Notch2 is preferentially expressed in 
mature B cells and indispensable for marginal zone B lineage development. Immunity. 2003; 
18:675–85. [PubMed: 12753744] 

Aster et al. Page 17

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Logeat F, Bessia C, Brou C, LeBail O, Jarriault S, et al. The Notch1 receptor is cleaved 
constitutively by a furin-like convertase. Proc Natl Acad Sci U S A. 1998; 95:8108–12. [PubMed: 
9653148] 

13. Rand MD, Grimm LM, Artavanis-Tsakonas S, Patriub V, Blacklow SC, et al. Calcium depletion 
dissociates and activates heterodimeric notch receptors. Mol Cell Biol. 2000; 20:1825–35. 
[PubMed: 10669757] 

14. Gordon WR, Vardar-Ulu D, Histen G, Sanchez-Irizarry C, Aster JC, Blacklow SC. Structural basis 
for autoinhibition of Notch. Nat Struct Mol Biol. 2007; 14:295–300. [PubMed: 17401372] 

15. Brou C, Logeat F, Gupta N, Bessia C, LeBail O, et al. A novel proteolytic cleavage involved in 
Notch signaling: the role of the disintegrin-metalloprotease TACE. Mol Cell. 2000; 5:207–16. 
[PubMed: 10882063] 

16. Mumm JS, Schroeter EH, Saxena MT, Griesemer A, Tian X, et al. A ligand-induced extracellular 
cleavage regulates gamma-secretase-like proteolytic activation of Notch1. Mol Cell. 2000; 5:197–
206. [PubMed: 10882062] 

17. Gordon WR, Zimmerman B, He L, Miles LJ, Huang J, et al. Mechanical Allostery: Evidence for a 
Force Requirement in the Proteolytic Activation of Notch. Dev Cell. 2015; 33:729–36. [PubMed: 
26051539] 

18. Le Borgne R, Remaud S, Hamel S, Schweisguth F. Two distinct E3 ubiquitin ligases have 
complementary functions in the regulation of delta and serrate signaling in Drosophila. PLoS Biol. 
2005; 3:e96. [PubMed: 15760269] 

19. Itoh M, Kim CH, Palardy G, Oda T, Jiang YJ, et al. Mind bomb is a ubiquitin ligase that is 
essential for efficient activation of Notch signaling by Delta. Dev Cell. 2003; 4:67–82. [PubMed: 
12530964] 

20. Gibb DR, El Shikh M, Kang DJ, Rowe WJ, El Sayed R, et al. ADAM10 is essential for Notch2-
dependent marginal zone B cell development and CD23 cleavage in vivo. J Exp Med. 2010; 
207:623–35. [PubMed: 20156974] 

21. van Tetering G, van Diest P, Verlaan I, van der Wall E, Kopan R, Vooijs M. Metalloprotease 
ADAM10 is required for Notch1 site 2 cleavage. J Biol Chem. 2009; 284:31018–27. [PubMed: 
19726682] 

22. Bozkulak EC, Weinmaster G. Selective use of ADAM10 and ADAM17 in activation of Notch1 
signaling. Mol Cell Biol. 2009; 29:5679–95. [PubMed: 19704010] 

23. Schroeter EH, Kisslinger JA, Kopan R. Notch-1 signalling requires ligand-induced proteolytic 
release of intracellular domain. Nature. 1998; 393:382–6. [PubMed: 9620803] 

24. Struhl G, Grenwald I. Presenilin is required for activity and nuclear access of Notch in Drosophila. 
Nature. 1999; 398:522–5. [PubMed: 10206646] 

25. Wu L, Aster JC, Blacklow SC, Lake R, Artavanis-Tsakonas S, Griffin JD. MAML1, a human 
homologue of Drosophila mastermind, is a transcriptional co-activator for NOTCH receptors. Nat 
Genet. 2000; 26:484–9. [PubMed: 11101851] 

26. Oswald F, Tauber B, Dobner T, Bourteele S, Kostezka U, et al. p300 acts as a transcriptional 
coactivator for mammalian Notch-1. Mol Cell Biol. 2001; 21:7761–74. [PubMed: 11604511] 

27. Mulligan P, Yang F, Di Stefano L, Ji JY, Ouyang J, et al. A SIRT1-LSD1 Corepressor Complex 
Regulates Notch Target Gene Expression and Development. Mol Cell. 2011

28. Yatim A, Benne C, Sobhian B, Laurent-Chabalier S, Deas O, et al. NOTCH1 Nuclear Interactome 
Reveals Key Regulators of Its Transcriptional Activity and Oncogenic Function. Mol Cell. 2012; 
48:445–58. [PubMed: 23022380] 

29. Fryer CJ, White JB, Jones KA. Mastermind recruits CycC:CDK8 to phosphorylate the Notch ICD 
and coordinate activation with turnover. Mol Cell. 2004; 16:509–20. [PubMed: 15546612] 

30. Bray S, Musisi H, Bienz M. Bre1 is required for Notch signaling and histone modification. Dev 
Cell. 2005; 8:279–86. [PubMed: 15691768] 

31. Wang H, Zang C, Taing L, Arnett KL, Wong YJ, et al. NOTCH1-RBPJ complexes drive target 
gene expression through dynamic interactions with superenhancers. Proc Natl Acad Sci U S A. 
2014; 111:705–10. [PubMed: 24374627] 

Aster et al. Page 18

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Skalska L, Stojnic R, Li J, Fischer B, Cerda-Moya G, et al. Chromatin signatures at Notch-
regulated enhancers reveal large-scale changes in H3K56ac upon activation. EMBO J. 2015; 
34:1889–904. [PubMed: 26069324] 

33. Castel D, Mourikis P, Bartels SJ, Brinkman AB, Tajbakhsh S, Stunnenberg HG. Dynamic binding 
of RBPJ is determined by Notch signaling status. Genes Dev. 2013; 27:1059–71. [PubMed: 
23651858] 

34. Li N, Fassl A, Chick J, Inuzuka H, Li X, et al. Cyclin C is a haploinsufficient tumour suppressor. 
Nat Cell Biol. 2014; 16:1080–91. [PubMed: 25344755] 

35. O’Neil J, Grim J, Strack P, Rao S, Tibbitts D, et al. FBW7 mutations in leukemic cells mediate 
NOTCH pathway activation and resistance to gamma-secretase inhibitors. J Exp Med. 2007; 
204:1813–24. [PubMed: 17646409] 

36. Thompson BJ, Buonamici S, Sulis ML, Palomero T, Vilimas T, et al. The SCFFBW7 ubiquitin 
ligase complex as a tumor suppressor in T cell leukemia. J Exp Med. 2007; 204:1825–35. 
[PubMed: 17646408] 

37. Espinosa L, Ingles-Esteve J, Aguilera C, Bigas A. Phosphorylation by glycogen synthase kinase-3 
beta down-regulates Notch activity, a link for Notch and Wnt pathways. J Biol Chem. 2003; 
278:32227–35. [PubMed: 12794074] 

38. Foltz DR, Santiago MC, Berechid BE, Nye JS. Glycogen synthase kinase-3beta modulates notch 
signaling and stability. Curr Biol. 2002; 12:1006–11. [PubMed: 12123574] 

39. Mo JS, Kim MY, Han SO, Kim IS, Ann EJ, et al. Integrin-linked kinase controls Notch1 signaling 
by down-regulation of protein stability through Fbw7 ubiquitin ligase. Mol Cell Biol. 2007; 
27:5565–74. [PubMed: 17526737] 

40. Ranganathan P, Vasquez-Del Carpio R, Kaplan FM, Wang H, Gupta A, et al. Hierarchical 
phosphorylation within the ankyrin repeat domain defines a phosphoregulatory loop that regulates 
Notch transcriptional activity. J Biol Chem. 2011; 286:28844–57. [PubMed: 21685388] 

41. Hein K, Mittler G, Cizelsky W, Kuhl M, Ferrante F, et al. Site-specific methylation of Notch1 
controls the amplitude and duration of the Notch1 response. Sci Signal. 2015; 8:ra30. [PubMed: 
25805888] 

42. Zheng X, Linke S, Dias JM, Gradin K, Wallis TP, et al. Interaction with factor inhibiting HIF-1 
defines an additional mode of cross-coupling between the Notch and hypoxia signaling pathways. 
Proc Natl Acad Sci U S A. 2008; 105:3368–73. [PubMed: 18299578] 

43. Guarani V, Deflorian G, Franco CA, Kruger M, Phng LK, et al. Acetylation-dependent regulation 
of endothelial Notch signalling by the SIRT1 deacetylase. Nature. 2011; 473:234–8. [PubMed: 
21499261] 

44. Gerhardt DM, Pajcini KV, D’Altri T, Tu L, Jain R, et al. The Notch1 transcriptional activation 
domain is required for development and reveals a novel role for Notch1 signaling in fetal 
hematopoietic stem cells. Genes Dev. 2014; 28:576–93. [PubMed: 24637115] 

45. Okajima T, Xu A, Lei L, Irvine KD. Chaperone activity of protein O-fucosyltransferase 1 promotes 
notch receptor folding. Science. 2005; 307:1599–603. [PubMed: 15692013] 

46. Stahl M, Uemura K, Ge C, Shi S, Tashima Y, Stanley P. Roles of Pofut1 and O-fucose in 
mammalian Notch signaling. J Biol Chem. 2008; 283:13638–51. [PubMed: 18347015] 

47. Bruckner K, Perez L, Clausen H, Cohen S. Glycosyltransferase activity of Fringe modulates 
Notch-Delta interactions. Nature. 2000; 406:411–5. [PubMed: 10935637] 

48. Luca VC, Jude KM, Pierce NW, Nachury MV, Fischer S, Garcia KC. Structural biology. Structural 
basis for Notch1 engagement of Delta-like 4. Science. 2015; 347:847–53. [PubMed: 25700513] 

49. Acar M, Jafar-Nejad H, Takeuchi H, Rajan A, Ibrani D, et al. Rumi is a CAP10 domain 
glycosyltransferase that modifies Notch and is required for Notch signaling. Cell. 2008; 132:247–
58. [PubMed: 18243100] 

50. Takeuchi H, Fernandez-Valdivia RC, Caswell DS, Nita-Lazar A, Rana NA, et al. Rumi functions as 
both a protein O-glucosyltransferase and a protein O-xylosyltransferase. Proc Natl Acad Sci U S 
A. 2011; 108:16600–5. [PubMed: 21949356] 

51. Yashiro-Ohtani Y, He Y, Ohtani T, Jones ME, Shestova O, et al. Pre-TCR signaling inactivates 
Notch1 transcription by antagonizing E2A. Genes Dev. 2009; 23:1665–76. [PubMed: 19605688] 

Aster et al. Page 19

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Lamar E, Deblandre G, Wettstein D, Gawantka V, Pollet N, et al. Nrarp is a novel intracellular 
component of the Notch signaling pathway. Genes Dev. 2001; 15:1885–99. [PubMed: 11485984] 

53. Housden BE, Fu AQ, Krejci A, Bernard F, Fischer B, et al. Transcriptional dynamics elicited by a 
short pulse of notch activation involves feed-forward regulation by E(spl)/Hes genes. PLoS Genet. 
2013; 9:e1003162. [PubMed: 23300480] 

54. Oswald F, Kostezka U, Astrahantseff K, Bourteele S, Dillinger K, et al. SHARP is a novel 
component of the Notch/RBP-Jkappa signalling pathway. EMBO J. 2002; 21:5417–26. [PubMed: 
12374742] 

55. Ariyoshi M, Schwabe JW. A conserved structural motif reveals the essential transcriptional 
repression function of Spen proteins and their role in developmental signaling. Genes Dev. 2003; 
17:1909–20. [PubMed: 12897056] 

56. Liefke R, Oswald F, Alvarado C, Ferres-Marco D, Mittler G, et al. Histone demethylase KDM5A 
is an integral part of the core Notch-RBP-J repressor complex. Genes Dev. 2010; 24:590–601. 
[PubMed: 20231316] 

57. Turkoz M, Townsend RR, Kopan R. The Notch intracellular domain has an RBPj-independent role 
during mouse hair follicular development. J Invest Dermatol. 2016

58. Stoeck A, Lejnine S, Truong A, Pan L, Wang H, et al. Discovery of biomarkers predictive of GSI 
response in triple-negative breast cancer and adenoid cystic carcinoma. Cancer Discov. 2014; 
4:1154–67. [PubMed: 25104330] 

59. Krejci A, Bernard F, Housden BE, Collins S, Bray SJ. Direct response to Notch activation: 
signaling crosstalk and incoherent logic. Sci Signal. 2009; 2:ra1. [PubMed: 19176515] 

60. Ditadi A, Sturgeon CM, Tober J, Awong G, Kennedy M, et al. Human definitive haemogenic 
endothelium and arterial vascular endothelium represent distinct lineages. Nat Cell Biol. 2015; 
17:580–91. [PubMed: 25915127] 

61. Arnett KL, Hass M, McArthur DG, Ilagan MX, Aster JC, et al. Structural and mechanistic insights 
into cooperative assembly of dimeric Notch transcription complexes. Nat Struct Mol Biol. 2010; 
17:1312–7. [PubMed: 20972443] 

62. Krejci A, Bray S. Notch activation stimulates transient and selective binding of Su(H)/CSL to 
target enhancers. Genes Dev. 2007; 21:1322–7. [PubMed: 17545467] 

63. Jin YH, Kim H, Ki H, Yang I, Yang N, et al. Beta-catenin modulates the level and transcriptional 
activity of Notch1/NICD through its direct interaction. Biochim Biophys Acta. 2009; 1793:290–9. 
[PubMed: 19000719] 

64. Blokzijl A, Dahlqvist C, Reissmann E, Falk A, Moliner A, et al. Cross-talk between the Notch and 
TGF-beta signaling pathways mediated by interaction of the Notch intracellular domain with 
Smad3. J Cell Biol. 2003; 163:723–8. [PubMed: 14638857] 

65. Gustafsson MV, Zheng X, Pereira T, Gradin K, Jin S, et al. Hypoxia requires notch signaling to 
maintain the undifferentiated cell state. Dev Cell. 2005; 9:617–28. [PubMed: 16256737] 

66. Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC, et al. TAN-1, the human homolog of the 
Drosophila notch gene, is broken by chromosomal translocations in T lymphoblastic neoplasms. 
Cell. 1991; 66:649–61. [PubMed: 1831692] 

67. Weng AP, Ferrando AA, Lee W, Morris JP, Silverman LB, et al. Activating mutations of NOTCH1 
in human T cell acute lymphoblastic leukemia. Science. 2004; 306:269–71. [PubMed: 15472075] 

68. Ashworth TD, Pear WS, Chiang MY, Blacklow SC, Mastio J, et al. Deletion-based mechanisms of 
Notch1 activation in T-ALL: key roles for RAG recombinase and a conserved internal translational 
start site in Notch1. Blood. 2010; 116:5455–64. [PubMed: 20852131] 

69. Robinson DR, Kalyana-Sundaram S, Wu YM, Shankar S, Cao X, et al. Functionally recurrent 
rearrangements of the MAST kinase and Notch gene families in breast cancer. Nat Med. 2011; 
17:1646–51. [PubMed: 22101766] 

70. Frierson HF Jr, Moskaluk CA. Mutation signature of adenoid cystic carcinoma: evidence for 
transcriptional and epigenetic reprogramming. J Clin Invest. 2013:1–3. [PubMed: 23281402] 

71. Ho AS, Kannan K, Roy DM, Morris LG, Ganly I, et al. The mutational landscape of adenoid cystic 
carcinoma. Nat Genet. 2013; 45:791–8. [PubMed: 23685749] 

72. Stephens PJ, Davies HR, Mitani Y, Van Loo P, Shlien A, et al. Whole exome sequencing of 
adenoid cystic carcinoma. J Clin Invest. 2013

Aster et al. Page 20

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



73. Mosquera JM, Sboner A, Zhang L, Chen CL, Sung YS, et al. Novel MIR143-NOTCH fusions in 
benign and malignant glomus tumors. Genes Chromosomes Cancer. 2013; 52:1075–87. [PubMed: 
23999936] 

74. Wang K, Zhang Q, Li D, Ching K, Zhang C, et al. PEST domain mutations in Notch receptors 
comprise an oncogenic driver segment in triple-negative breast cancer sensitive to a gamma-
secretase inhibitor. Clin Cancer Res. 2015; 21:1487–96. [PubMed: 25564152] 

75. Di Ianni M, Baldoni S, Rosati E, Ciurnelli R, Cavalli L, et al. A new genetic lesion in B-CLL: a 
NOTCH1 PEST domain mutation. Br J Haematol. 2009; 146:689–91. [PubMed: 19604236] 

76. Fabbri G, Rasi S, Rossi D, Trifonov V, Khiabanian H, et al. Analysis of the chronic lymphocytic 
leukemia coding genome: role of NOTCH1 mutational activation. J Exp Med. 2011; 208:1389–
401. [PubMed: 21670202] 

77. Puente XS, Pinyol M, Quesada V, Conde L, Ordonez GR, et al. Whole-genome sequencing 
identifies recurrent mutations in chronic lymphocytic leukaemia. Nature. 2011; 475:101–5. 
[PubMed: 21642962] 

78. Troen G, Wlodarska I, Warsame A, Hernandez Llodra S, De Wolf-Peeters C, Delabie J. NOTCH2 
mutations in marginal zone lymphoma. Haematologica. 2008; 93:1107–9. [PubMed: 18508802] 

79. Kiel MJ, Velusamy T, Betz BL, Zhao L, Weigelin HG, et al. Whole-genome sequencing identifies 
recurrent somatic NOTCH2 mutations in splenic marginal zone lymphoma. J Exp Med. 2012; 
209:1553–65. [PubMed: 22891276] 

80. Kridel R, Meissner B, Rogic S, Boyle M, Telenius A, et al. Whole transcriptome sequencing 
reveals recurrent NOTCH1 mutations in mantle cell lymphoma. Blood. 2012; 119:1963–71. 
[PubMed: 22210878] 

81. Lee SY, Kumano K, Nakazaki K, Sanada M, Matsumoto A, et al. Gain-of-function mutations and 
copy number increases of Notch2 in diffuse large B-cell lymphoma. Cancer Sci. 2009; 100:920–6. 
[PubMed: 19445024] 

82. Lohr JG, Stojanov P, Lawrence MS, Auclair D, Chapuy B, et al. Discovery and prioritization of 
somatic mutations in diffuse large B-cell lymphoma (DLBCL) by whole-exome sequencing. Proc 
Natl Acad Sci U S A. 2012; 109:3879–84. [PubMed: 22343534] 

83. Arcaini L, Rossi D, Lucioni M, Nicola M, Bruscaggin A, et al. The NOTCH pathway is recurrently 
mutated in diffuse large B-cell lymphoma associated with hepatitis C virus infection. 
Haematologica. 2015; 100:246–52. [PubMed: 25381127] 

84. Pancewicz J, Taylor JM, Datta A, Baydoun HH, Waldmann TA, et al. Notch signaling contributes 
to proliferation and tumor formation of human T-cell leukemia virus type 1-associated adult T-cell 
leukemia. Proc Natl Acad Sci U S A. 2010; 107:16619–24. [PubMed: 20823234] 

85. Kluk MJ, Ashworth T, Wang H, Knoechel B, Mason EF, et al. Gauging NOTCH1 Activation in 
Cancer Using Immunohistochemistry. PLoS ONE. 2013; 8:e67306. [PubMed: 23825651] 

86. Rosati E, Sabatini R, Rampino G, Tabilio A, Di Ianni M, et al. Constitutively activated Notch 
signaling is involved in survival and apoptosis resistance of B-CLL cells. Blood. 2009; 113:856–
65. [PubMed: 18796623] 

87. del Alamo D, Rouault H, Schweisguth F. Mechanism and significance of cis-inhibition in Notch 
signalling. Curr Biol. 2011; 21:R40–7. [PubMed: 21215938] 

88. Sprinzak D, Lakhanpal A, Lebon L, Santat LA, Fontes ME, et al. Cis-interactions between Notch 
and Delta generate mutually exclusive signalling states. Nature. 2010; 465:86–90. [PubMed: 
20418862] 

89. Wang NJ, Sanborn Z, Arnett KL, Bayston LJ, Liao W, et al. Loss-of-function mutations in Notch 
receptors in cutaneous and lung squamous cell carcinoma. Proc Natl Acad Sci U S A. 2011; 
108:17761–6. [PubMed: 22006338] 

90. Agrawal N, Frederick MJ, Pickering CR, Bettegowda C, Chang K, et al. Exome sequencing of 
head and neck squamous cell carcinoma reveals inactivating mutations in NOTCH1. Science. 
2011; 333:1154–7. [PubMed: 21798897] 

91. Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, et al. The mutational landscape of 
head and neck squamous cell carcinoma. Science. 2011; 333:1157–60. [PubMed: 21798893] 

Aster et al. Page 21

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



92. Agrawal N, Jiao Y, Bettegowda C, Hutfless SM, Wang Y, et al. Comparative genomic analysis of 
esophageal adenocarcinoma and squamous cell carcinoma. Cancer Discov. 2012; 2:899–905. 
[PubMed: 22877736] 

93. Cancer Genome Atlas Research N. Comprehensive genomic characterization of squamous cell 
lung cancers. Nature. 2012; 489:519–25. [PubMed: 22960745] 

94. George J, Lim JS, Jang SJ, Cun Y, Ozretic L, et al. Comprehensive genomic profiles of small cell 
lung cancer. Nature. 2015; 524:47–53. [PubMed: 26168399] 

95. Rampias T, Vgenopoulou P, Avgeris M, Polyzos A, Stravodimos K, et al. A new tumor suppressor 
role for the Notch pathway in bladder cancer. Nat Med. 2014; 20:1199–205. [PubMed: 25194568] 

96. Network TCGAR. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade 
Gliomas. N Engl J Med. 2015; 372:2481–98. [PubMed: 26061751] 

97. Nicolas M, Wolfer A, Raj K, Kummer JA, Mill P, et al. Notch1 functions as a tumor suppressor in 
mouse skin. Nat Genet. 2003; 33:416–21. [PubMed: 12590261] 

98. Proweller A, Tu L, Lepore JJ, Cheng L, Lu MM, et al. Impaired notch signaling promotes de novo 
squamous cell carcinoma formation. Cancer Res. 2006; 66:7438–44. [PubMed: 16885339] 

99. Kulic I, Robertson G, Chang L, Baker JH, Lockwood WW, et al. Loss of the Notch effector RBPJ 
promotes tumorigenesis. J Exp Med. 2015; 212:37–52. [PubMed: 25512468] 

100. Tonon G, Modi S, Wu L, Kubo A, Coxon AB, et al. t(11;19)(q21;p13) translocation in 
mucoepidermoid carcinoma creates a novel fusion product that disrupts a Notch signaling 
pathway. Nat Genet. 2003; 33:208–13. [PubMed: 12539049] 

101. Palomero T, Lim WK, Odom DT, Sulis ML, Real PJ, et al. NOTCH1 directly regulates c-MYC 
and activates a feed-forward-loop transcriptional network promoting leukemic cell growth. Proc 
Natl Acad Sci U S A. 2006; 103:18261–6. [PubMed: 17114293] 

102. Sharma VM, Calvo JA, Draheim KM, Cunningham LA, Hermance N, et al. Notch1 contributes to 
mouse T-cell leukemia by directly inducing the expression of c-myc. Mol Cell Biol. 2006; 
26:8022–31. [PubMed: 16954387] 

103. Weng AP, Millholland JM, Yashiro-Ohtani Y, Arcangeli ML, Lau A, et al. c-Myc is an important 
direct target of Notch1 in T-cell acute lymphoblastic leukemia/lymphoma. Genes Dev. 2006; 
20:2096–109. [PubMed: 16847353] 

104. Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism and therapeutic 
opportunities. Clin Cancer Res. 2009; 15:6479–83. [PubMed: 19861459] 

105. Felsher DW, Bishop JM. Reversible tumorigenesis by MYC in hematopoietic lineages. Mol Cell. 
1999; 4:199–207. [PubMed: 10488335] 

106. Langenau DM, Traver D, Ferrando AA, Kutok JL, Aster JC, et al. Myc-induced T cell leukemia 
in transgenic zebrafish. Science. 2003; 299:887–90. [PubMed: 12574629] 

107. Chan SM, Weng AP, Tibshirani R, Aster JC, Utz PJ. Notch signals positively regulate activity of 
the mTOR pathway in T-cell acute lymphoblastic leukemia. Blood. 2007; 110:278–86. [PubMed: 
17363738] 

108. Herranz D, Ambesi-Impiombato A, Palomero T, Schnell SA, Belver L, et al. A NOTCH1-driven 
MYC enhancer promotes T cell development, transformation and acute lymphoblastic leukemia. 
Nat Med. 2014; 20:1130–7. [PubMed: 25194570] 

109. Yashiro-Ohtani Y, Wang H, Zang C, Arnett KL, Bailis W, et al. Long-range enhancer activity 
determines Myc sensitivity to Notch inhibitors in T cell leukemia. Proc Natl Acad Sci U S A. 
2014; 111:E4946–53. [PubMed: 25369933] 

110. Chiang MY, Shestova O, Aster JC, Pear WS. High selective pressure for Notch1 mutations that 
induce Myc in T cell acute lymphoblastic leukemia. Blood. Submitted. 

111. Knoechel B, Roderick JE, Williamson KE, Zhu J, Lohr JG, et al. An epigenetic mechanism of 
resistance to targeted therapy in T cell acute lymphoblastic leukemia. Nat Genet. 2014; 46:364–
70. [PubMed: 24584072] 

112. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, et al. RNAi screen identifies Brd4 as a 
therapeutic target in acute myeloid leukaemia. Nature. 2011; 478:524–8. [PubMed: 21814200] 

113. Roderick JE, Tesell J, Shultz LD, Brehm MA, Greiner DL, et al. c-Myc inhibition prevents 
leukemia initiation in mice and impairs the growth of relapsed and induction failure pediatric T-
ALL cells. Blood. 2014; 123:1040–50. [PubMed: 24394663] 

Aster et al. Page 22

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



114. Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, et al. Mutational loss of PTEN induces 
resistance to NOTCH1 inhibition in T-cell leukemia. Nat Med. 2007; 13:1203–10. [PubMed: 
17873882] 

115. Boudil A, Matei IR, Shih H-Y, Bogdanoski G, Yuan JS, et al. IL-7 coordinates proliferation, 
differentiation and Tcra recombination during thymocyte β-selection. Nature Immunology. 2015; 
16:397–405. [PubMed: 25729925] 

116. Trimarchi T, Bilal E, Ntziachristos P, Fabbri G, Dalla-Favera R, et al. Genome-wide mapping and 
characterization of Notch-regulated long noncoding RNAs in acute leukemia. Cell. 2014; 
158:593–606. [PubMed: 25083870] 

117. Jitschin R, Braun M, Qorraj M, Saul D, Le Blanc K, et al. Stromal cell-mediated glycolytic switch 
in CLL cells involves Notch-c-Myc signaling. Blood. 2015; 125:3432–6. [PubMed: 25778534] 

118. Klinakis A, Szabolcs M, Politi K, Kiaris H, Artavanis-Tsakonas S, Efstratiadis A. Myc is a 
Notch1 transcriptional target and a requisite for Notch1-induced mammary tumorigenesis in 
mice. Proc Natl Acad Sci U S A. 2006; 103:9262–7. [PubMed: 16751266] 

119. Zhao B, Zou JY, Wang H, Johannsen E, Peng C-W, et al. Epstein-Barr virus exploits intrinsic B-
lymphocyte transcription programs to achieve immortal cell growth. Proc Natl Acad Sci U S A. 
2011; 108:14902–7. [PubMed: 21746931] 

120. Knoechel B, Bhatt A, Pan L, Pedamallu CS, Severson E, et al. Complete hematologic response of 
early T-cell progenitor acute lymphoblastic leukemia to the γ-secretase inhibitor BMS-906024: 
genetic and epigenetic findings in an outlier case. Cold Spring Harb Mol Case Stud. 2015; 
1:a000539. [PubMed: 27148573] 

121. Sahlgren C, Gustafsson MV, Jin S, Poellinger L, Lendahl U. Notch signaling mediates hypoxia-
induced tumor cell migration and invasion. Proc Natl Acad Sci U S A. 2008; 105:6392–7. 
[PubMed: 18427106] 

122. Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 2007; 129:1261–
74. [PubMed: 17604717] 

123. Espinosa L, Cathelin S, D’Altri T, Trimarchi T, Statnikov A, et al. The Notch/Hes1 Pathway 
Sustains NF-kappaB Activation through CYLD Repression in T Cell Leukemia. Cancer Cell. 
2010; 18:268–81. [PubMed: 20832754] 

124. Vacca A, Felli MP, Palermo R, Di Mario G, Calce A, et al. Notch3 and pre-TCR interaction 
unveils distinct NF-kappaB pathways in T-cell development and leukemia. EMBO J. 2006; 
25:1000–8. [PubMed: 16498412] 

125. Shin HM, Minter LM, Cho OH, Gottipati S, Fauq AH, et al. Notch1 augments NF-kappaB 
activity by facilitating its nuclear retention. EMBO J. 2006; 25:129–38. [PubMed: 16319921] 

126. Deftos ML, He YW, Ojala EW, Bevan MJ. Correlating notch signaling with thymocyte 
maturation. Immunity. 1998; 9:777–86. [PubMed: 9881968] 

127. Piovan E, Yu J, Tosello V, Herranz D, Ambesi-Impiombato A, et al. Direct reversal of 
glucocorticoid resistance by AKT inhibition in acute lymphoblastic leukemia. Cancer Cell. 2013; 
24:766–76. [PubMed: 24291004] 

128. Real PJ, Tosello V, Palomero T, Castillo M, Hernando E, et al. Gamma-secretase inhibitors 
reverse glucocorticoid resistance in T cell acute lymphoblastic leukemia. Nat Med. 2009; 15:50–
8. [PubMed: 19098907] 

129. Gutierrez A, Pan L, Groen RW, Baleydier F, Kentsis A, et al. Phenothiazines induce PP2A-
mediated apoptosis in T cell acute lymphoblastic leukemia. J Clin Invest. 2014; 124:644–55. 
[PubMed: 24401270] 

130. Martz CA, Ottina KA, Singleton KR, Jasper JS, Wardell SE, et al. Systematic identification of 
signaling pathways with potential to confer anticancer drug resistance. Sci Signal. 2014; 7:ra121. 
[PubMed: 25538079] 

131. Lafkas D, Shelton A, Chiu C, de Leon Boenig G, Chen Y, et al. Therapeutic antibodies reveal 
Notch control of transdifferentiation in the adult lung. Nature. 2015; 528:127–31. [PubMed: 
26580007] 

132. Drier Y, Cotton MJ, Williamson KE, Gillespie SM, Ryan RJ, et al. An oncogenic MYB feedback 
loop drives alternate cell fates in adenoid cystic carcinoma. Nature Genetics. 2016; 48:265–72. 
[PubMed: 26829750] 

Aster et al. Page 23

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



133. Crum CP, McKeon FD. p63 in epithelial survival, germ cell surveillance, and neoplasia. Annu 
Rev Pathol. 2010; 5:349–71. [PubMed: 20078223] 

134. Nguyen BC, Lefort K, Mandinova A, Antonini D, Devgan V, et al. Cross-regulation between 
Notch and p63 in keratinocyte commitment to differentiation. Genes Dev. 2006; 20:1028–42. 
[PubMed: 16618808] 

135. Blanpain C, Lowry WE, Pasolli HA, Fuchs E. Canonical notch signaling functions as a 
commitment switch in the epidermal lineage. Genes Dev. 2006; 20:3022–35. [PubMed: 
17079689] 

136. Brimer N, Lyons C, Wallberg AE, Vande Pol SB. Cutaneous papillomavirus E6 oncoproteins 
associate with MAML1 to repress transactivation and NOTCH signaling. Oncogene. 2012; 
31:4639–46. [PubMed: 22249263] 

137. Tan MJ, White EA, Sowa ME, Harper JW, Aster JC, Howley PM. Cutaneous beta-human 
papillomavirus E6 proteins bind Mastermind-like coactivators and repress Notch signaling. Proc 
Natl Acad Sci U S A. 2012; 109:E1473–80. [PubMed: 22547818] 

138. Meyers JM, Spangle JM, Munger K. The human papillomavirus type 8 E6 protein interferes with 
NOTCH activation during keratinocyte differentiation. J Virol. 2013; 87:4762–7. [PubMed: 
23365452] 

139. Alcolea MP, Greulich P, Wabik A, Frede J, Simons BD, Jones PH. Differentiation imbalance in 
single oesophageal progenitor cells causes clonal immortalization and field change. Nat Cell 
Biol. 2014; 16:615–22. [PubMed: 24814514] 

140. Martincorena I, Roshan A, Gerstung M, Ellis P, Van Loo P, et al. Tumor evolution. High burden 
and pervasive positive selection of somatic mutations in normal human skin. Science. 2015; 
348:880–6. [PubMed: 25999502] 

141. Demehri S, Turkoz A, Kopan R. Epidermal Notch1 loss promotes skin tumorigenesis by 
impacting the stromal microenvironment. Cancer Cell. 2009; 16:55–66. [PubMed: 19573812] 

142. Hu B, Castillo E, Harewood L, Ostano P, Reymond A, et al. Multifocal epithelial tumors and field 
cancerization from loss of mesenchymal CSL signaling. Cell. 2012; 149:1207–20. [PubMed: 
22682244] 

143. Shimojo H, Ohtsuka T, Kageyama R. Oscillations in notch signaling regulate maintenance of 
neural progenitors. Neuron. 2008; 58:52–64. [PubMed: 18400163] 

144. Imayoshi I, Sakamoto M, Yamaguchi M, Mori K, Kageyama R. Essential roles of Notch signaling 
in maintenance of neural stem cells in developing and adult brains. J Neurosci. 2010; 30:3489–
98. [PubMed: 20203209] 

145. Fan X, Khaki L, Zhu TS, Soules ME, Talsma CE, et al. NOTCH pathway blockade depletes 
CD133-positive glioblastoma cells and inhibits growth of tumor neurospheres and xenografts. 
Stem Cells. 2010; 28:5–16. [PubMed: 19904829] 

146. Zhu TS, Costello MA, Talsma CE, Flack CG, Crowley JG, et al. Endothelial cells create a stem 
cell niche in glioblastoma by providing NOTCH ligands that nurture self-renewal of cancer stem-
like cells. Cancer Res. 2011; 71:6061–72. [PubMed: 21788346] 

147. Jiang LY, Zhang XL, Du P, Zheng JH. Gamma-Secretase Inhibitor, DAPT Inhibits Self-renewal 
and Stemness Maintenance of Ovarian Cancer Stem-like Cells In Vitro. Chin J Cancer Res. 2011; 
23:140–6. [PubMed: 23482909] 

148. McAuliffe SM, Morgan SL, Wyant GA, Tran LT, Muto KW, et al. Targeting Notch, a key pathway 
for ovarian cancer stem cells, sensitizes tumors to platinum therapy. Proc Natl Acad Sci U S A. 
2012; 109:E2939–48. [PubMed: 23019585] 

149. Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, Wicha MS. Role of Notch 
signaling in cell-fate determination of human mammary stem/progenitor cells. Breast Cancer 
Res. 2004; 6:R605–15. [PubMed: 15535842] 

150. D’Angelo RC, Ouzounova M, Davis A, Choi D, Tchuenkam SM, et al. Notch reporter activity in 
breast cancer cell lines identifies a subset of cells with stem cell activity. Mol Cancer Ther. 2015; 
14:779–87. [PubMed: 25673823] 

151. Abravanel DL, Belka GK, Pan TC, Pant DK, Collins MA, et al. Notch promotes recurrence of 
dormant tumor cells following HER2/neu-targeted therapy. J Clin Invest. 2015; 125:2484–96. 
[PubMed: 25961456] 

Aster et al. Page 24

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



152. Kuhnert F, Chen G, Coetzee S, Thambi N, Hickey C, et al. Dll4 Blockade in Stromal Cells 
Mediates Antitumor Effects in Preclinical Models of Ovarian Cancer. Cancer Res. 2015; 
75:4086–96. [PubMed: 26377940] 

153. Lu J, Ye X, Fan F, Xia L, Bhattacharya R, et al. Endothelial Cells Promote the Colorectal Cancer 
Stem Cell Phenotype Through a Soluble Form of Jagged-1. Cancer Cell. 2013; 23:171–85. 
[PubMed: 23375636] 

154. Androutsellis-Theotokis A, Leker RR, Soldner F, Hoeppner DJ, Ravin R, et al. Notch signalling 
regulates stem cell numbers in vitro and in vivo. Nature. 2006; 442:823–6. [PubMed: 16799564] 

155. Timmerman LA, Grego-Bessa J, Raya A, Bertran E, Perez-Pomares JM, et al. Notch promotes 
epithelial-mesenchymal transition during cardiac development and oncogenic transformation. 
Genes Dev. 2004; 18:99–115. [PubMed: 14701881] 

156. Niessen K, Fu Y, Chang L, Hoodless PA, McFadden D, Karsan A. Slug is a direct Notch target 
required for initiation of cardiac cushion cellularization. J Cell Biol. 2008; 182:315–25. 
[PubMed: 18663143] 

157. Ye X, Weinberg RA. Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer 
Progression. Trends Cell Biol. 2015; 25:675–86. [PubMed: 26437589] 

158. Brabletz S, Bajdak K, Meidhof S, Burk U, Niedermann G, et al. The ZEB1/miR-200 feedback 
loop controls Notch signalling in cancer cells. EMBO J. 2011; 30:770–82. [PubMed: 21224848] 

159. Chanrion M, Kuperstein I, Barriere C, El Marjou F, Cohen D, et al. Concomitant Notch activation 
and p53 deletion trigger epithelial-to-mesenchymal transition and metastasis in mouse gut. Nat 
Commun. 2014; 5:5005. [PubMed: 25295490] 

160. Leong KG, Niessen K, Kulic I, Raouf A, Eaves C, et al. Jagged1-mediated Notch activation 
induces epithelial-to-mesenchymal transition through Slug-induced repression of E-cadherin. J 
Exp Med. 2007; 204:2935–48. [PubMed: 17984306] 

161. Sonoshita M, Aoki M, Fuwa H, Aoki K, Hosogi H, et al. Suppression of colon cancer metastasis 
by Aes through inhibition of Notch signaling. Cancer Cell. 2011; 19:125–37. [PubMed: 
21251616] 

162. Sonoshita M, Itatani Y, Kakizaki F, Sakimura K, Terashima T, et al. Promotion of colorectal 
cancer invasion and metastasis through activation of NOTCH-DAB1-ABL-RHOGEF protein 
TRIO. Cancer Discov. 2015; 5:198–211. [PubMed: 25432929] 

163. Xing F, Kobayashi A, Okuda H, Watabe M, Pai SK, et al. Reactive astrocytes promote the 
metastatic growth of breast cancer stem-like cells by activating Notch signalling in brain. EMBO 
Mol Med. 2013; 5:384–96. [PubMed: 23495140] 

164. Yang Y, Ahn YH, Gibbons DL, Zang Y, Lin W, et al. The Notch ligand Jagged2 promotes lung 
adenocarcinoma metastasis through a miR-200-dependent pathway in mice. J Clin Invest. 2011; 
121:1373–85. [PubMed: 21403400] 

165. Capaccione KM, Pine SR. The Notch signaling pathway as a mediator of tumor survival. 
Carcinogenesis. 2013; 34:1420–30. [PubMed: 23585460] 

166. Domingo-Domenech J, Vidal SJ, Rodriguez-Bravo V, Castillo-Martin M, Quinn SA, et al. 
Suppression of acquired docetaxel resistance in prostate cancer through depletion of notch- and 
hedgehog-dependent tumor-initiating cells. Cancer Cell. 2012; 22:373–88. [PubMed: 22975379] 

167. Wang Z, Li Y, Ahmad A, Azmi AS, Banerjee S, et al. Targeting Notch signaling pathway to 
overcome drug resistance for cancer therapy. Biochim Biophys Acta. 2010; 1806:258–67. 
[PubMed: 20600632] 

168. Xie M, He CS, Wei SH, Zhang L. Notch-1 contributes to epidermal growth factor receptor 
tyrosine kinase inhibitor acquired resistance in non-small cell lung cancer in vitro and in vivo. 
Eur J Cancer. 2013; 49:3559–72. [PubMed: 23916913] 

169. Fischer KR, Durrans A, Lee S, Sheng J, Li F, et al. Epithelial-to-mesenchymal transition is not 
required for lung metastasis but contributes to chemoresistance. Nature. 2015; 527:472–6. 
[PubMed: 26560033] 

170. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, et al. Epithelial-to-mesenchymal transition is 
dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature. 2015; 
527:525–30. [PubMed: 26560028] 

Aster et al. Page 25

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



171. Sethi N, Dai X, Winter CG, Kang Y. Tumor-derived JAGGED1 promotes osteolytic bone 
metastasis of breast cancer by engaging notch signaling in bone cells. Cancer Cell. 2011; 19:192–
205. [PubMed: 21295524] 

172. Gottlieb TM, Leal JF, Seger R, Taya Y, Oren M. Cross-talk between Akt, p53 and Mdm2: 
possible implications for the regulation of apoptosis. Oncogene. 2002; 21:1299–303. [PubMed: 
11850850] 

173. Beverly LJ, Felsher DW, Capobianco AJ. Suppression of p53 by Notch in lymphomagenesis: 
implications for initiation and regression. Cancer Res. 2005; 65:7159–68. [PubMed: 16103066] 

174. Dotto GP. Crosstalk of Notch with p53 and p63 in cancer growth control. Nat Rev Cancer. 2009; 
9:587–95. [PubMed: 19609265] 

175. Gridley T. Notch signaling in vascular development and physiology. Development. 2007; 
134:2709–18. [PubMed: 17611219] 

176. Kuhnert F, Kirshner JR, Thurston G. Dll4-Notch signaling as a therapeutic target in tumor 
angiogenesis. Vasc Cell. 2011; 3:20. [PubMed: 21923938] 

177. Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, et al. Inhibition of Dll4 signalling inhibits 
tumour growth by deregulating angiogenesis. Nature. 2006; 444:1083–7. [PubMed: 17183323] 

178. Bailis W, Yashiro-Ohtani Y, Fang TC, Hatton RD, Weaver CT, et al. Notch simultaneously 
orchestrates multiple helper T cell programs independently of cytokine signals. Immunity. 2013; 
39:148–59. [PubMed: 23890069] 

179. Xu H, Zhu J, Smith S, Foldi J, Zhao B, et al. Notch-RBP-J signaling regulates the transcription 
factor IRF8 to promote inflammatory macrophage polarization. Nat Immunol. 2012

180. Xu J, Chi F, Guo T, Punj V, Lee WN, et al. NOTCH reprograms mitochondrial metabolism for 
proinflammatory macrophage activation. J Clin Invest. 2015; 125:1579–90. [PubMed: 25798621] 

181. Tran IT, Sandy AR, Carulli AJ, Ebens C, Chung J, et al. Blockade of individual Notch ligands and 
receptors controls graft-versus-host disease. J Clin Invest. 2013; 123:1590–604. [PubMed: 
23454750] 

182. Fasnacht N, Huang HY, Koch U, Favre S, Auderset F, et al. Specific fibroblastic niches in 
secondary lymphoid organs orchestrate distinct Notch-regulated immune responses. J Exp Med. 
2014; 211:2265–79. [PubMed: 25311507] 

183. Klinakis A, Lobry C, Abdel-Wahab O, Oh P, Haeno H, et al. A novel tumour-suppressor function 
for the Notch pathway in myeloid leukaemia. Nature. 2011; 473:230–3. [PubMed: 21562564] 

184. Kode A, Manavalan JS, Mosialou I, Bhagat G, Rathinam CV, et al. Leukaemogenesis induced by 
an activating beta-catenin mutation in osteoblasts. Nature. 2014; 506:240–4. [PubMed: 
24429522] 

185. Atlas TCG. Integrated genomic analyses of ovarian carcinoma. Nature. 2011; 474:609–15. 
[PubMed: 21720365] 

186. Golan T, Messer AR, Amitai-Lange A, Melamed Z, Ohana R, et al. Interactions of Melanoma 
Cells with Distal Keratinocytes Trigger Metastasis via Notch Signaling Inhibition of MITF. Mol 
Cell. 2015

187. Gurney A, Hoey T. Anti-DLL4, a cancer therapeutic with multiple mechanisms of action. Vasc 
Cell. 2011; 3:18. [PubMed: 21831306] 

188. Li K, Li Y, Wu W, Gordon WR, Chang DW, et al. Modulation of Notch signaling by antibodies 
specific for the extracellular negative regulatory region of NOTCH3. J Biol Chem. 2008; 
283:8046–54. [PubMed: 18182388] 

189. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, et al. Blockade of Dll4 inhibits 
tumour growth by promoting non-productive angiogenesis. Nature. 2006; 444:1032–7. [PubMed: 
17183313] 

190. Wu Y, Cain-Hom C, Choy L, Hagenbeek TJ, de Leon GP, et al. Therapeutic antibody targeting of 
individual Notch receptors. Nature. 2010; 464:1052–7. [PubMed: 20393564] 

191. Bernasconi-Elias P, Hu T, Jenkins D, Firestone B, Gans S, et al. Characterization of activating 
mutations of NOTCH3 in T cell acute lymphoblastic leukemia and anti-leukemic activity of 
NOTCH3 inhibitory antibodies. Oncogene. 2016 In press. 

192. Kamath BM, Bauer RC, Loomes KM, Chao G, Gerfen J, et al. NOTCH2 mutations in Alagille 
syndrome. J Med Genet. 2012; 49:138–44. [PubMed: 22209762] 

Aster et al. Page 26

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



193. Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, et al. Mutations in the human Jagged1 
gene are responsible for Alagille syndrome. Nat Genet. 1997; 16:235–42. [PubMed: 9207787] 

194. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, et al. Notch3 mutations in CADASIL, a 
hereditary adult-onset condition causing stroke and dementia. Nature. 1996; 383:707–10. 
[PubMed: 8878478] 

195. Garg V, Muth AN, Ransom JF, Schluterman MK, Barnes R, et al. Mutations in NOTCH1 cause 
aortic valve disease. Nature. 2005; 437:270–4. [PubMed: 16025100] 

196. Simpson MA, Irving MD, Asilmaz E, Gray MJ, Dafou D, et al. Mutations in NOTCH2 cause 
Hajdu-Cheney syndrome, a disorder of severe and progressive bone loss. Nat Genet. 2011; 
43:303–5. [PubMed: 21378985] 

197. Hassed SJ, Wiley GB, Wang S, Lee JY, Li S, et al. RBPJ mutations identified in two families 
affected by Adams-Oliver syndrome. Am J Hum Genet. 2012; 91:391–5. [PubMed: 22883147] 

198. Stittrich AB, Lehman A, Bodian DL, Ashworth J, Zong Z, et al. Mutations in NOTCH1 cause 
Adams-Oliver syndrome. Am J Hum Genet. 2014; 95:275–84. [PubMed: 25132448] 

199. Meester JA, Southgate L, Stittrich AB, Venselaar H, Beekmans SJ, et al. Heterozygous Loss-of-
Function Mutations in DLL4 Cause Adams-Oliver Syndrome. Am J Hum Genet. 2015; 97:475–
82. [PubMed: 26299364] 

200. Bulman MP, Kusumi K, Frayling TM, McKeown C, Garrett C, et al. Mutations in the human delta 
homologue, DLL3, cause axial skeletal defects in spondylocostal dysostosis. Nat Genet. 2000; 
24:438–41. [PubMed: 10742114] 

201. Basmanav FB, Oprisoreanu AM, Pasternack SM, Thiele H, Fritz G, et al. Mutations in 
POGLUT1, encoding protein O-glucosyltransferase 1, cause autosomal-dominant Dowling-
Degos disease. Am J Hum Genet. 2014; 94:135–43. [PubMed: 24387993] 

202. Li CR, Brooks YS, Jia WX, Wang DG, Xiao XM, et al. Pathogenicity of POFUT1 mutations in 
two Chinese families with Dowling-Degos disease. J Eur Acad Dermatol Venereol. 2015

203. Hsieh JJ, Hayward SD. Masking of the CBF1/RBPJ kappa transcriptional repression domain by 
Epstein-Barr virus EBNA2. Science. 1995; 268:560–3. [PubMed: 7725102] 

204. Robertson ES, Lin J, Kieff E. The amino-terminal domains of Epstein-Barr virus nuclear proteins 
3A, 3B, and 3C interact with RBPJ(kappa). J Virol. 1996; 70:3068–74. [PubMed: 8627785] 

205. Ansieau S, Strobl LJ, Leutz A. Activation of the Notch-regulated transcription factor CBF1/RBP-
Jkappa through the 13SE1A oncoprotein. Genes Dev. 2001; 15:380–5. [PubMed: 11230145] 

206. Persson LM, Wilson AC. Wide-scale use of Notch signaling factor CSL/RBP-Jkappa in RTA-
mediated activation of Kaposi’s sarcoma-associated herpesvirus lytic genes. J Virol. 2010; 
84:1334–47. [PubMed: 19906914] 

207. Xu X, Choi SH, Hu T, Tiyanont K, Habets R, et al. Insights into Autoregulation of Notch3 from 
Structural and Functional Studies of Its Negative Regulatory Region. Structure. 2015; 23:1227–
35. [PubMed: 26051713] 

208. Van Vlierberghe P, Ambesi-Impiombato A, Perez-Garcia A, Haydu JE, Rigo I, et al. ETV6 
mutations in early immature human T cell leukemias. J Exp Med. 2011; 208:2571–9. [PubMed: 
22162831] 

209. Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, et al. The genetic basis of early T-cell 
precursor acute lymphoblastic leukaemia. Nature. 2012; 481:157–63. [PubMed: 22237106] 

210. Neumann M, Heesch S, Schlee C, Schwartz S, Gokbuget N, et al. Whole-exome sequencing in 
adult ETP-ALL reveals a high rate of DNMT3A mutations. Blood. 2013; 121:4749–52. 
[PubMed: 23603912] 

211. Puente XS, Bea S, Valdes-Mas R, Villamor N, Gutierrez-Abril J, et al. Non-coding recurrent 
mutations in chronic lymphocytic leukaemia. Nature. 2015; 526:519–24. [PubMed: 26200345] 

212. Bea S, Valdes-Mas R, Navarro A, Salaverria I, Martin-Garcia D, et al. Landscape of somatic 
mutations and clonal evolution in mantle cell lymphoma. Proc Natl Acad Sci U S A. 2013; 
110:18250–5. [PubMed: 24145436] 

213. Rossi D, Trifonov V, Fangazio M, Bruscaggin A, Rasi S, et al. The coding genome of splenic 
marginal zone lymphoma: activation of NOTCH2 and other pathways regulating marginal zone 
development. J Exp Med. 2012; 209:1537–51. [PubMed: 22891273] 

Aster et al. Page 27

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



214. Martinez D, Navarro A, Martinez-Trillos A, Molina-Urra R, Gonzalez-Farre B, et al. NOTCH1, 
TP53, and MAP2K1 Mutations in Splenic Diffuse Red Pulp Small B-cell Lymphoma Are 
Associated With Progressive Disease. Am J Surg Pathol. 2016; 40:192–201. [PubMed: 
26426381] 

215. Shimizu D, Taki T, Utsunomiya A, Nakagawa H, Nomura K, et al. Detection of NOTCH1 
mutations in adult T-cell leukemia/lymphoma and peripheral T-cell lymphoma. Int J Hematol. 
2007; 85:212–8. [PubMed: 17483057] 

216. South AP, Purdie KJ, Watt SA, Haldenby S, den Breems NY, et al. NOTCH1 Mutations Occur 
Early during Cutaneous Squamous Cell Carcinogenesis. J Invest Dermatol. 2014

217. Durinck S, Ho C, Wang NJ, Liao W, Jakkula LR, et al. Temporal dissection of tumorigenesis in 
primary cancers. Cancer Discov. 2011; 1:137–43. [PubMed: 21984974] 

218. Song Y, Li L, Ou Y, Gao Z, Li E, et al. Identification of genomic alterations in oesophageal 
squamous cell cancer. Nature. 2014; 509:91–5. [PubMed: 24670651] 

Aster et al. Page 28

Annu Rev Pathol. Author manuscript; available in PMC 2018 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SUMMARY POINTS

1. Notch signals have broad cell autonomous and non-cell autonomous roles in 

cancer, both oncogenic and tumor suppressive

2. Analyses of human cancers have identified 3 distinct patterns of Notch 

mutations, including tumors with strong gain-of-function mutations (e.g., T-

ALL), tumors with microenvironment-dependent weak gain-of-function 

mutations (e.g., CLL), and tumors with loss-of-function mutations (e.g., 

squamous cell carcinoma).

3. In tumors with strong gain-of-function Notch mutations, Myc is a frequent 

target gene that appears to have important roles in driving Notch-dependent 

tumor cell growth. Myc regulation occurs through lineage specific enhancers 

that appear to show considerable “plasticity”, a characteristic that may 

contribute to escape from Notch addiction.

4. Notch also has been implicated in cancer cell metabolism, survival and drug 

resistance; maintenance of cancer stem cells; epithelial-mesenchymal 

transition; and genomic instability; however, the mechanistic details 

underlying these activities and how broadly applicable they are to cancer 

remain to be ascertained.
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FUTURE ISSUES

1. It is important to determine if it is possible to simultaneously target multiple 

“accessible” Myc enhancer states in particular Notch-addicted tumors, 

thereby increasing the efficacy of therapeutic combination including Notch 

pathway inhibitors.

2. Studies need to be designed that permit the identification of key target genes 

in tumors such as CLL in which Notch signaling appears to be advantageous 

to the tumor only within particular microenvironments, as well as in contexts 

in which Notch has tumor suppressive roles.

3. Additional work is needed to confirm, extend, and mechanistically delineate 

the possible role of stromal/tumor cells interactions in imparting tumor cell 

stemness and dormancy via Notch activation.

4. Better reagents need to be developed to gauge Notch signaling and the 

expression of Notch signaling components in diverse tumor types, particularly 

in archival human tumor collections.

5. In addition to conditional mouse models, selective antibody inhibitors of 

ligands and receptors offer a path forward to understanding their contributions 

in specific kinds of tumors.
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Figure 1. 
Cancer hallmarks proposed to be influenced by Notch signaling. Positive (oncogenic) effects 

are shown in green, tumor suppressive effects are in red. T-ALL, T acute lymphoblastic 

leukemia; CLL, chronic lymphocytic leukemia, ACC, adenoid cystic carcinoma; SCCa, 

squamous cell carcinoma; breast Ca, breast carcinoma; TICs, tumor initiating cells.
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Figure 2. 
Structure of human Notch receptors and ligands. NRR, negative regulatory region; LNR, 

Lin-12/Notch repeat; HD, heterodimerization domain; TM, transmembrane domain; ANK, 

ankyrin repeat domain; TAD, transcriptional activation domain; MNNL, N-terminal domain 

of Notch ligands; DSL, Delta-Serrate-Lag2 domain.
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Figure 3. 
Notch signaling. See text for details.
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Figure 4. 
Patterns of Notch mutations in various cancers. The red X in the negative regulatory region 

(NRR) corresponds to point substitutions, in-frame indels, and rare deletions that remove the 

5′ coding exons of Notch receptors. The red X in the PEST domain corresponds to 

nonsense or frameshift mutations that lead to loss of the PEST domain.
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Figure 5. 
H3K27 acetylation patterns in the 3′ Myc enhancer region predict response to Notch 

pathway inhibitors. T-ALL, T acute lymphoblastic leukemia; ETP-ALL, early T progenitor 

acute lymphoblastic leukemia; AML, acute myeloid leukemia; NDME, Notch dependent 

Myc enhancer; BDME, Brd4 dependent Myc enhancer.
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Figure 6. 
Enforced expression of Myc, but not myristylated Akt, suppresses the selective drive for 

Notch1 mutations in murine T-ALL. Hematopoietic stem cells (HSCs) engineered to develop 

Kras-driven T-ALL were transduced with retroviruses expressing only GFP, myristylated 

Akt, or Myc and transplanted into recipient mice, which were monitored for T-ALL 

development.
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Figure 7. 
Myb/p63/Notch1 transcriptional hierarchies in adenoid cystic carcinoma.
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Figure 8. 
Detection of activated Notch in formalin-fixed paraffin-embedded tissues. A) Staining for 

activated Notch1 in a lymph node involved by chronic lymphocytic leukemia (CLL) 

associated with a Notch1 PEST domain mutation (85). Note that the staining is nuclear and 

is stronger in intranodal (IN) cells than in extranodal (EN) cells, presumably due to ligand-

mediated Notch1 activation in the nodal microenvironment. C, lymph node capsule. B) 

Detection of activated Notch3 in human TALL1 cells, which carry a Notch3 allele an 

activating mutation in the Notch3 negative regulatory region (191). Strong nuclear staining 

is observed in the tumor cells using an antibody specific for activated Notch3 (191).
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TABLE 1

CONGENITAL DISORDERS ASSOCIATED WITH MUTATIONS IN NOTCH PATHWAY GENES

Disorder Affected Genes Affected Tissues Effect of Mutations References

Alagille Syndrome Jag1, Notch2 Liver, heart, eye, bone Loss of function (192; 193)

CADASIL Notch3 Arteries, particular in the CNS Toxic gain of function versus 
loss of function

(194)

Bicuspid Aortic Valve Notch1 Heart (bicuspid valve, valve 
calcification)

Loss of function (195)

Hajdu-Cheney Syndrome Notch2 Bone (excessive bone resorption) Conditional gain of function 
(loss of Notch2 PEST domain)

(196)

Adams-Oliver Syndrome RBPJ, Notch1, Dll4 Aplasia cutis of the scalp, terminal limb 
defects

Loss of function (197–199)

Spondylocostal Dysostosis Dll3 Hemivertebrae, rib fusions, rib 
deletions

Loss of function, may lead to 
increased Notch signaling

(200)

Dowling-Degos disease Pofut1, Poglut1 Skin, abnormal pigmentation Loss of function (201; 202)
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TABLE 2

VIRAL PROTEINS TARGETING COMPONENTS OF THE NOTCH TRANSCRIPTION COMPLEX (NTC)

Protein Virus NTC component targeted Function References

EBNA2 EBV RBPJ Transactivation; required for B cell 
transformation

(203)

EBNA3A, EBNA3B, EBNA3C EBV RBPJ Interference with RBPJ function; required for 
B cell transformation

(204)

E1A S13 Adenovirus RBPJ Transactivation; required for transforming 
activity

(205)

E1A S12 Adenovirus RBPJ Transcriptional repression; required for 
transforming activity

(205)

E6 β-HPV MAML1 Interference with MAML1 and NTC function (137)

RTA HHV8 RBPJ Transactivation; transition from latent to lytic 
infection

(206)

HHV8, human herpesvirus 8; EBV, Epstein-Barr virus; HPV, human papilloma virus; NTC, Notch transcription complex
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TABLE 3

NOTCH GENE MUTATIONS IN CANCER

Tumor Affected Gene(s) and Frequency References/Tumor Numbers

GOF, NRR or PEST Mutations

T-cell acute lymphoblastic leukemia Notch1 (50% to 60%)
Notch3 (rare)

(67) (n=96); (207) (n=1)

Early T cell progenitor acute lymphoblastic 
leukemia

Notch1 (uncertain in pediatric cases, 15% to 
35% of adult cases)

(208) (n=29); (209) (n=12); (210) (n=58)

Breast carcinoma Notch1 (5% to 10% of triple negative breast 
cancer)
Notch2 (5% of triple negative breast cancer)

(69) (n=38); (58) (n=66)

Adenoid cystic carcinoma Notch1 (5% to 15%) (72) (n=24); (71) (n=60)

Glomus tumor Notch2 (52%)
Notch3 (9%)
Notch1 (rare)

(73) (n=33)

GOF, PEST Mutations Only

Chronic lymphocytic leukemia/small 
lymphocytic lymphoma

Notch1 (10%-15%) (75) (n=43); (77) (n=363); (211) (n=452)

Mantle cell lymphoma Notch1 (5% to 10%)
Notch2 (5%)

(80) (n=126); (212) (n=172)

Marginal zone B cell lymphoma Notch2 (5% to 25%) (78) (n=69); (79) (n=99); (213) (n=39)

Diffuse large B cell lymphoma Notch2 (20%)*
Notch1 (5%)

(83) (n=46); (82) (n=49)

Splenic diffuse red pulp small B cell lymphoma Notch1 (11%) (214) (n=19)

Adult T-cell leukemia/lymphoma Notch1 (5% to 10%) (215) (n=21); (84) (n=32)

LOF Mutations

Squamous cell carcinoma – skin Notch1, Notch2 (70% to 80%) (89) (n=26); (216) (n=132); (217) (n=8)

Squamous cell carcinoma – head and neck Notch1 (10%)
Notch2 (<5%)
Notch3 (<5%)

TCGA, provisional data set (n=530)

Squamous cell carcinoma – lung Notch1 (5-10%)
Notch2 (<5%)
Notch3 (<5%)

TCGA, provisional data set (n=504); (93) 
(n=178)

Small cell lung carcinoma Notch1, Notch2, Notch3 (25% of tumors 
affected)

(94) (n=110)

Urothelial carcinoma Notch1 (50%) (95) (n=72)

Esophageal carcinoma Notch1 (10%) (218) (n=88)

Low-grade glioma Notch1 (31% of IDH mutated tumors) (96) (n=223)

GOF, gain-of-function; LOF, loss of function
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