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Abstract

Cellular senescence, previously thought of as an autonomous tumour suppressor
mechanism, is emerging as a phenotype and effector present throughout the life of an
organism from embryogenesis to senile decline. Senescent cells have powerful non-
autonomous effects upon multiple players within their microenvironment mainly
through their secretory phenotype. How senescent cells co-ordinate numerous,
sometimes functionally contrasting outputs through their secretome had previously
been unclear. The Notch pathway, originally identified for its involvement in
Drosophila wing development, has more recently been found to underpin diverse
effects in human cancer. Here we discuss recent findings that suggest that Notch is
intimately involved in the development of senescence and how it acts to co-ordinate
the composition and functional effects of the senescence secretome. We also highlight
the complex physical and functional interplay between Notch and p53, critical to both
senescence and cancer. Understanding the interplay between Notch, p53 and
senescence could allow us develop the therapeutics of the future for cancer and
ageing.
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1. Cellular senescence

Somatic cells have a variety of tumour suppressor mechanisms to prevent cellular
damage leading to transformation into cancer. Amongst there is increasing
recognition that cellular senescence not only plays a crucial role in the pathogenesis
of cancer and the cancer microenvironment, but also more generally in wound healing
and embryological development. When cells enter cellular senescence they undergo a
long-term stable exit from the cell cycle, but can remain viable and metabolically
active for a prolonged period. Cellular senescence was originally identified from
cultured cells demonstrating a finite in vitro growth capacity. Subsequent work linked
this proliferative arrest to progressive attrition of telomere length and the development
of a telomere-derived DNA damage signal [1].

The identification that activation of oncogenic RAS in primary human cells
could also lead to the development of senescence linked this process to tumour
suppression (Fig. 16.1a) [2]. Senescence was then found to underpin the suppression
of human cancers, such as arresting BRAF-expressing cells in senescence and thereby
preventing melanoma development [3]. Since this time, many genetic lesions leading
to oncogene expression or loss of tumour suppressor activity have been found to drive
cellular senescence. Evidence of senescence has been described in a variety of human
pre-neoplastic lesions suggesting that the acquisition of tumorigenic mutations is
actively repressed in vivo by cellular senescence [4, 5].

Senescence has also been shown to underpin the successful response of some
tumours to chemotherapy. In the murine Ep-Myc model of lymphoma, treatment with
chemotherapy induces senescence within the tumour and leads to tumour regression.
Abrogation of senescence in these mice prevents the response to treatment and leads
to a worsening of survival [6]. Further, in established murine liver cancer with
inactivation of senescence, re-establishment of senescence can lead to complete
resolution of the tumour [7]. Therefore, not only does senescence resist the
development of cancer, but may also underpin the successful response to cancer
treatment.

Senescent cells accumulate in otherwise healthy organisms with progressive
ageing [8, 9]. Utilising genetic labeling from the promoter of p16, a cyclin-dependent
kinase (CDK) inhibitor and putative senescence marker, several studies have found
differential accumulation of senescent cells within diverse organs. In wild-type mice,
the number of senescent cells progressively increases with ageing, but is
heterogeneous across otherwise genetically identical litter-mates [10]. Further, the
level of senescence within an organ does not predict the development of tumours.
Targeted clearance of these senescent cells increases the healthy lifespan of both
wild-type and prematurely aged mice through reduction of both tumorigenesis and
age-related pathologies [11, 12]. This is, perhaps, paradoxical, but as we shall see
later, senescence can have contrasting oncogenic and tumour suppressive effects.
Importantly, even when the senescent cells are deleted late in life, when age-related
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pathologies have already developed, this prevents the progression of those
pathologies, holding the promise of future therapies that arrest or even reverse age-
related decline. These findings have reinforced the notion that senescence
demonstrates antagonistic pleiotropy: a process that defends the organism and
promotes reproductive fitness by repressing tumorigenesis early in life, but is
deleterious in later life through declining organ function and age-related illness [13].

More recent studies have broadened our understanding of senescence as a
developmental mechanism underpinning both healing and organogenesis. Senescent
cells can be found in skin wounds in mice (Fig. 16.1a). These cells are actively
involved in the appropriate restoration of homeostasis as deletion of senescence in
these mice delays the healing of the wound [14]. Senescence can also be detected
during embryogenesis in the developing inner ear and urinary tract of mice where it is
crucial to appropriate development of these organs [15, 16]. This form of senescence
shares all the features of other models of senescence (see later section on markers of
senescence), other than a DNA-damage signal. Importantly, these developmental
senescent cells express a typical pro-inflammatory secretome that is crucial in the
regulation of the surrounding tissue. Loss of senescence during development leads to
developmental abnormalities. Therefore, more than simply a tumour suppressor
mechanism, senescence seems to be a highly conserved developmental pathway,
intrinsic to a range of cellular behaviours, that can function in a stress-responsive
mode to resist transformation.

Critical to the development of senescence are two major pathways (Fig. 16.1b)
frequently mutated in human cancer: the p53-p21 [2, 17] and p16-Rb pathways [18].
Viral oncoproteins, that can drive the development of human cancers, are known to
inactivate these pathways: the SV40 large T antigen is able to bind both of these
factors leading to their inactivation and subsequent senescence bypass; similarly, the
adenoviral E1A protein inhibits their function and promotes tumour formation [19].
Activation of p53 and Rb in senescence seems to rely, in large part, on the activity of
two proteins, pl6™ " and p14***, expressed from the CDKN24 locus. pl6 inhibits
the CDK4/6-dependent inactivation of Rb, whereas p14 (p19 in mice) interferes with
the ability of MDM2 to inhibit p53. Ectopic expression of p16 can induce a senescent
phenotype in cancer cell lines [20] and this relationship has more recently become a
potential therapeutic target with the development of CDK4 inhibitors, such as
palbociclib. In fact, these drugs mimic the effect of pl6 by preventing CDK4-
dependent Rb phosphorylation and thereby repressing E2F-target genes, crucial for
cell cycle progression. Chronic CDK4 inhibitor treatment is able to drive senescence
in cancer cells that have lost both p53 and p16, but only when Rb remains intact [21].
This raises the possibility of using such drugs to restore an appropriate senescence
response in cancer, even when some endogenous tumour suppressors have been lost
[22].

p53, on the other hand has a multitude of effects in senescence in a range of
cellular pathways [23]. This seems to be in part related to a distinct set of chromatin
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binding sites and therefore distinct transcriptional programme compared to those seen
in the acute activation of p53 in acute cellular stress [24]. In the autonomous aspects
of senescence, p5S3 promotes growth arrest by upregulating p21 expression that acts in
turn to inhibit CDK2-dependent Rb phosphorylation. Significantly, p53 seems to
repress some of the non-autonomous activities of senescence [25] that, as we shall
discuss later, underpin much of the functionality of the senescent cell.

1.1 MarKkers of senescence

A number of putative defining characteristics of senescence have been identified (Fig.
16.1¢). However, none are truly sensitive or specific, which has hampered efforts to
understand the role of senescence in human disease. Due to their lack of specificity,
the presence of senescence is normally inferred by the simultaneous presence of
several of these markers. In fact, senescent cells are defined by a combination of
several of the following features: a lack of proliferation; activation of p53-p21 and
pl6-Rb pathways [18]; formation of senescence-associated heterochromatic foci
(SAHF), at least in oncogene-induced senescence [26]; a persistent DNA-damage
response (DDR) [27]; expression of a lysosomal enzyme termed senescence-
associated beta-galactosidase (SA B-GAL) [28]; and the secretion of a range of
cytokines, chemokines and extracellular matrix (ECM) modifying factors termed the
senescence-associated secretory phenotype (SASP) (Fig. 16.1¢) [29, 30].

1.2 The senescence-associated secretory phenotype

It is through the SASP that senescent cells exert significant effects upon their
surrounding environment. Most previous studies have focused on the secretome of
cells undergoing oncogene-induced senescence (OIS) or DNA-damage-induced
senescence (DDIS) and demonstrated that the typical SASP consists of
proinflammatory cytokines such as interleukin-la (IL1a) and IL6, and chemokines
such as IL8 and C-C motif chemokine ligand 2 (CCL2) [29]. Transcriptionally the
SASP is positively regulated by the transcription factors v-rel reticuloendotheliosis
viral oncogene homolog A (RelA / p65 (an NF-xB family member)) [31],
CCAAT/enhancer binding protein beta (C/EBP) [32] (possibly in a tight positive
feedback loop with IL1a [33]) and the chromatin binding factor bromodomain protein
4 (BRD4) which dynamically binds to super-enhancers, related to many SASP genes
[34]. Chien et al identified RelA through an unbiased proteomic screen of RAS-
senescent chromatin. Subsequent functional investigation found that loss of RelA,
during in vitro senescence, failed to bypass senescence but did prevent the
senescence-associated upregulation of IL1a, IL6 and ILS8 [31]. In vivo, loss of RelA



O 00 NN O Ul o W N =

BB B W W W W W W W W W WNDNDNDNDNDNDNDNDNDNRRRRERRERR R RJ
N —m) O O 0O NN Ul WIN FR O VOO NOUTL DA WNRFEF O OVUVOONOOUE 2 WwN - o

Matthew Hoare and Masashi Narita

leads to a failure to develop treatment-induced senescence and relapse after
chemotherapy [31].

C/EBPB was identified as a SASP regulator through a search for putative
transcriptional regulators of the prototypic SASP component IL6 in BRAF-induced
senescence [32]. Endogenous C/EBPJ binds to the core promoter of IL6 during OIS
and ectopic C/EBPP could drive IL6 expression; loss of either IL6 or C/EBPJ can
bypass BRAF-induced-senescence in primary human cells. Ectopic expression of
C/EBPp can drive senescence in both primary human cells [32] and transformed
breast cancer cell lines [35]. However, crucial to the activation of C/EBPJ in response
to the RAS/MAPK pathway is the activity of the cell-cycle inhibitor p19 (pl14 in
humans). RAS/MAPK activation in transformed cells lacking p19 fails to drive
C/EBPp expression and stimulates proliferation rather than senescence. Restoration of
pl9, leading to an upregulation of C/EBPpB, or ectopic C/EBPB expression re-
establishes the senescence response to RAS/MAPK activation [36]. Therefore,
C/EBPp sits downstream of p19 in the development of RAS-senescence.

The identification of BRD4 as a major regulator of the SASP has emerged
from analysis of the changing epigenetic landscape of RAS-senescent cells that must
underpin the simultaneous repression of cell-cycle-related genes and the activation of
secretory-related genes [34]. In other biological contexts where significant functional
reprogramming occurs, this is underpinned by changes at genetic regulatory elements
termed enhancers, marked by acetylation of histone 3 at lysine 17 (H3K27ac).
Amongst these enhancer elements, those marked by long stretches of H3K27ac are
termed super-enhancers. Analysis found significant remodeling of super-enhancers in
the context of senescence adjacent to genes encoding SASP components. As a
putative H3K27ac binding partner, increased chromatin binding of BRD4 was
confirmed at these loci and its inhibition, either genetically or pharmacologically,
leads to abrogation of the proinflammatory SASP and reduction in SASP signalling to
immunocytes both in vitro and in vivo [34].

The secretome is also significantly modulated at the post-translational level
through the inflammasome [37], p38 MAPK [38], mTOR [39, 40] and autophagy
pathways [41, 42]. The SASP has been found is nearly all forms of senescence thus-
far described, other than senescence induced by overexpression of pl6 [43] and
mostly relies on a persistent DNA-damage signal [25].

Functionally the SASP is important due to the diverse downstream effects that
senescent cells can exert on multiple players within the microenvironment. Firstly the
secretome can act in an autocrine manner to reinforce the senescent phenotype. Here
signalling from C/EBPP or through C-X-C motif chemokine receptor 2 (CXCR2)
leads to senescence, whereas loss of these factors results in senescence bypass [32,
44]. Secondly the SASP can enforce a paracrine senescence upon surrounding normal
cells, through the secretion of transforming growth factor beta 1 (TGFB1) and IL1p,
potentially providing a means of controlling transformation in the context of a
cancerisation field effect [37, 45]. Thirdly, the SASP from senescent cells has been
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demonstrated to have significantly pro-oncogenic effects upon certain cell types. In
Drosophila Ras-induced imaginal epithelial senescence drives proliferation of
neighbouring epithelial cells through the SASP [46]. Similarly, senescent human
fibroblasts are able to drive the growth of co-cultured pre-malignant and fully
transformed human cell lines, in addition to promoting their growth in xenografts
[47]. This effect is, at least partially, dependent upon NF-kB, as metformin-induced
loss of NF-«B signalling prevents the senescence-driven growth of adjacent prostatic
cancer cell lines [48]. Furthermore, senescent cells in co-culture can promote the
epithelial-mesenchymal transition (EMT), with enhanced invasiveness, in the target
cell population [49]. Lastly the SASP has been shown to have significant effects upon
components of the immune system.

One of the critical findings of senescence in most model systems is that
senescent cells are able to trigger their own immune-mediated destruction. Through
the pro-inflammatory SASP, senescent cells recruit diverse members of the immune
system leading to targeted killing and subsequent clearance, in a process termed
senescence surveillance. In mouse models of NRAS-induced hepatocyte senescence,
the NRAS-expressing cells secrete pro-inflammatory cytokines and are progressively
removed from the liver [50]. CD4" T-lymphocytes are necessary for this process, as
their deletion allows persistence of senescent cells and subsequent liver cancer
development. Other groups have demonstrated that differing immunocytes are
responsible for senescence surveillance in different contexts, such as macrophages
and NK cells [51, 52]. Not only are senescent cells responsible for immune cell
recruitment, but also for re-programming and controlling the downstream function of
the recruited immunocytes [53]. Senescent hepatic stellate cells secrete a SASP that is
able to modulate the polarisation, secretome and function of recruited macrophages
[52]. Curiously, this SASP-dependent modulation of monocyte maturation and
function can be antagonised in vivo by fully transformed cells within the same
environment, through mechanisms that are not fully understood at present [53].

Therefore, there is a range of different downstream functions of the SASP,
some with clearly contrasting effects on different target cell populations: senescent
cells are able to direct development, control wound healing, resist transformation and
control the composition and function of parts of the immune system. Until recently it
remained unclear how a senescent cell could coordinate these different effects through
a SASP of singular or static composition. However, recent data point to a role for the
Notch pathway in the dynamic control of both SASP composition and its net
functional output.

2. Notch

2.1 Notch signalling pathway
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In order to respond to cues from neighbouring cells or the microenvironment, a
variety of different signalling pathways have evolved to sense and direct cellular
behaviour. Among these, Notch has emerged as a critical pathway in a variety of
different cellular contexts. The role of Notch in development was originally identified
from spontaneous mutations in Drosophila, where haploinsufficiency leads to an
obvious notch in the wing edge [54]. Since this fortuitous discovery, comparative
genomics has demonstrated that components of the Notch-signalling pathway are
highly conserved in bilateria through evolution, suggesting that this signalling
pathway arose around 550 million years ago. Subsequent work has demonstrated the
significant role that Notch plays not only in directing cell-fate decisions during
development, where loss of function of Notch receptors or ligands leads to dysgenesis
of the vasculature, biliary tree and nervous system, but also in the development and
progression of cancer.

In all organisms where Notch is described, the pathway is notable for the
simplicity of the components involved in the core signalling pathway and downstream
transduction. Indeed, given the simplicity of the core components, lack of enzymatic
amplification steps and the multiplicity of downstream functional outcomes that
Notch has been linked with, there must be a significant role for the diverse set of non-
core components that have been described to modulate Notch signalling. In its
simplest form the Notch pathway consists of a single-pass transmembrane Notch
receptor which, when bound to a canonical ligand on an adjacent cell, undergoes a
conformational change and subsequent proteolytic cleavage by the transmembrane
metalloproteinase ADAM17 [55]. This results in a membrane-tethered intermediate
form that is susceptible to further cleavage by y-secretase, a multi-molecular complex
responsible for cleavage of a range of membrane-bound substrates including Notch
receptors. This second cleavage releases the Notch intracellular domain (NICD) from
the inner envelope of the plasma membrane to traverse the cytoplasm and enter the
nucleus. Within the nucleus the NICD binds to the highly conserved DNA binding
protein recombination signal binding protein for immunoglobulin kappa J region
(RBPJ [CBF1 / LAG-1 / Su(H)]) displacing transcriptional repressors and recruiting
transcriptional activators, such as mastermind-like 1 (MAMLI). Upon binding to
NICD, RBPJ is converted to a transcriptional activator, recruiting the acetyl-
transferase p300 and initiating the downstream Notch transcriptional program [55].
Notch is able to regulate a range of genes, including the hairy and enhancer of split
(HES) and hairy/enhancer-of-split related with YRPW motif (HEY) family of
transcription factors, MYC and Cyclin D3. In addition to being a critical
transcriptional co-activator, MAMLI1 controls the half-life of the NICD through
regulating its phosphorylation by CDKS8 [56, 57]. This phosphorylation renders the
NICD susceptible to ubiquitination by F-box and WD repeat domain containing 7
(FBXW7) [58] and subsequent degradation, thereby limiting the duration of
signalling.

Within mammals there are four separate Notch genes, all of which are able to
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liberate a distinct intracellular domain and drive distinct downstream signalling
events, despite all binding to RBPJ. Similarly, in Drosophila there are two (Delta and
Serrate) but in mammals at least five (Delta-like ligand (DLL) 1; DLL3; DLL4;
Jaggedl and Jagged 2), canonical Notch ligands. These ligands have differing binding
affinities for the different Notch receptors and drive distinct downstream functions
[59]. Control of the affinity of the different ligands for the Notch receptors is in part
controlled by the Fringe-mediated post-translational glycosylation of the receptors
prior to their trafficking to the plasma membrane [59]. However, the basis for distinct
functional outcomes from a pathway involving multiple receptors and ligands, but a
single DNA binding protein remains unclear.

2.2 Notch in cancer

Alterations in the Notch-signalling pathway have been linked to the development and
progression of cancer. The earliest suggestion that Notch could be oncogenic came
with the identification of a rare chromosomal translocation between chromosomes 7
and 9 leading to the constitutive expression of the NOTCHI1 intracellular domain
(N1ICD) in lymphocytes in human T-cell acute lymphoblastic leukaemia (T-ALL)
[60]. Subsequent studies revealed that the majority of patients with T-ALL had
activating mutations due to indels of the NOTCHI gene rather than major structural
rearrangements [61]. These mutations either led to ligand-independent receptor
cleavage or enhanced the stability of the NICD once liberated from the membrane
[62]. The same studies found that a significant minority of patients without NOTCHI1
mutations had mutations of FBXW7, leading to increased stability of the N1ICD [58].
With increasing knowledge of the genetic structure of diverse cancer types it
has become apparent that NOTCH is frequently mutated or that the Notch signalling
pathway is activated in several human cancers, other than T-ALL. Activating
mutations or increased downstream signalling have been described in many solid
organ malignancies such as breast cancer, hepatocellular carcinoma,
cholangiocarcinoma, colorectal carcinoma and melanoma [62, 63]. The precise
pathways that Notch regulates to drive cancer remain unclear as, in addition to driving
its own transcriptional program, Notch also exerts significant cross-talk to diverse
other cellular pathways such as Wnt-f3—catenin, RAS-MAPK and others. Candidate
pathway approaches suggest that Notch exerts its actions through transcriptional
regulation of both cell-cycle and apoptosis-related genes; in particular, Cyclin D1 and
D3 are direct transcriptional targets of N1ICD and drive cell cycle progression [64].
Conversely it has become apparent that Notch and downstream signalling can
be tumour suppressive in some circumstances. Sequencing has demonstrated that a
significant number of patients with bladder cancer [65] and head and neck squamous
cell cancer [66] skin cancer [67] and small-cell lung carcinoma [68] have inactivating
mutations of NOTCHI1 suggesting a tumour suppressive role in these cancers [69].
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Notch has also been demonstrated to be tumour suppressive in mouse models.
Inducible knock-out of Notchl leads to the spontaneous development of basal-cell
carcinoma of the skin and accelerated tumour development after chemical
carcinogenesis, partly due to loss of Notchl-mediated repression of the sonic
hedgehog (Shh) pathway, previously implicated in basal cell carcinoma of the skin
[67, 70]. Similarly, mesenchymal-specific loss of RBPJ, the DNA-binding protein for
Notch, leads to the development of skin inflammation and subsequent tumour
generation [71].

In some tissue types modulation of different Notch receptors has been
demonstrated to have opposing effects upon tumorigenesis. Human pancreatic
carcinoma is ubiquitously associated with the expression of oncogenic KRAS, in
addition to other genetic lesions such as loss of the p53 encoding gene TP53. Mouse
models with pancreas-specific expression of KRas®'*? lead to the development of the
pre-neoplastic lesion pancreatic intraepithelial neoplasia (PanIN). In mice with

612D and loss of Notchl, there is an

combined pancreas-specific expression of KRas
increased number and more advanced grade of PanIN compared to mice with
KRas®'*? alone [72, 73]. However, in similar mice with pancreas-specific loss of
Notch2, survival is longer with reduced development of PanIN, but the mice develop
late, highly anaplastic pancreatic carcinoma [73]. Therefore, in the same tissue,
different Notch receptors can have complex and potentially opposing effects upon
tissue differentiation and tumorigenesis.

It is clear that Notch receptors can be either oncogenic or tumour suppressive
in different tissues, depending on context. The molecular basis for this duality of
function in different cancer types is currently unknown but one possibility is the
emerging role for Notch and downstream signalling in the autonomous and non-
autonomous functions of senescence.

2.3 Notch in senescence

The association of Notch signalling with cellular senescence is a relatively recent
finding and several studies have identified different NOTCH receptors in different
model senescence systems. Replicative senescence is associated with the upregulation
of NOTCHI1 in both normal human prostatic cells and oesophageal keratinocytes [74,
75]. Similarly, all of the NOTCH receptors are up-regulated during in vitro culture of
human endothelial cells [76] and upregulated in murine endothelium overlying
atherosclerosis, thought to have features of senescence [77]. Manipulation of
downstream Notch function is also able to modulate these senescent phenotypes.
Pharmacological inhibition of Notch signalling by the y-secretase inhibitor DAPT is
able to increase in vitro replicative lifespan and reduce features of replicative
senescence in oesophageal keratinocytes, such as SA B-GAL and p16 expression [75].
Several Notch receptors are upregulated in other forms of senescence beyond



Ul B W N

o))

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Notch and senescence

replicative senescence. There is increased NOTCH3 expression in several forms of
stress-induced senescence including replicative senescence, DDIS and oxidative
stress-induced senescence in human fibroblasts [78]. In this context, knockdown of
NOTCHS3 is able to delay the onset of proliferation arrest and reduces features of
senescence, such as SA B-GAL and p21 expression [78].

2.4 Multiple Notch receptors can drive a senescent phenotype

In addition to modulating the senescent phenotype induced by diverse other stressors,
several Notch receptors are able to drive senescent phenotypes independently of other
stimuli. Over-expression of NOTCH3 induces both a proliferative arrest by up-
regulating the cyclin-dependent kinase inhibitor p21 through direct binding to its core
promoter and a senescent phenotype [78]. Interruption of downstream NOTCH3
signalling, through expression of a dominant negative MAMLI (dnMAMLI1), or
knockdown of p21 are able to partially rescue this NOTCH3-induced senescent
phenotype. Cancers may bypass this NOTCH-induced senescence (NIS) through
reduction of NOTCH receptor expression. Expression of NOTCH3 is significantly
down-regulated in human breast cancer compared to normal breast tissue and is
correlated with the level of p21 expression in the same tumour. Ectopic NOTCH3
expression, in breast cancer cell lines with low endogenous NOTCH3 expression, is
able to drive the cells into NIS, suggesting that some degree of senescence-bypass
could be associated with reduction of NOTCH3 signalling or that selection for clones
with low Notch signalling could occur in human breast cancer [78].

Similarly to NOTCH3, several studies have shown that ectopic NOTCHI1 also
drives a senescent phenotype with reduced proliferation, increased SA B-GAL
expression and upregulation of the CDK4/6 inhibitor p16, with subsequent loss of Rb
phosphorylation. This NIS also requires NOTCH-mediated transcription, as it can be
rescued by inhibition through co-expression of dnMAMLI [75, 79]. Importantly, the
cells remain arrested in NOTCH-induced senescence, even after removal of ectopic
NI1ICD, a cardinal feature of senescence [79]. This confirms that this phenotype is
true senescence and not simply quiescence, that can be induced through expression of
HESI [80]. In this context NOTCH1-induced senescence seems to be dependent upon
the p16-Rb signalling axis as knockdown of p16, but not pl4, is able to rescue this
NIS phenotype [75]. Whether there is genuine specificity of NIS for the pl16-Rb or
p53-p21 pathways induced by signalling from the different Notch receptors or
whether these different reports are describing a common, conserved NIS phenotype
remains unclear.

The role of RBPJ in NIS is more controversial. In one context, N1ICD-
mediated senescence can be rescued by concurrent shRNA-mediated knockdown of
RBPJ, with reduced p16 expression and continued proliferation [75]. However, other
studies have suggested that loss of RBPJ, in the absence of ectopic N1ICD expression

11



O 00 NN O Ul o W N =

BB B W W W W W W W W W WNDNDNDNDNDNDNDNDNDNRRRRERRERR R RJ
N —m) O O 0O NN Ul WIN FR O VOO NOUTL DA WNRFEF O OVUVOONOOUE 2 WwN - o

Matthew Hoare and Masashi Narita

can also lead to the development of senescence [81]. Murine dermal fibroblasts with
loss of Rbpj or human fibroblasts with shRNA-mediated knockdown of RBPJ have
increased expression of pl5, pl6, p21 and SA B-GAL [81]. Further, RBPJ can
directly bind to DNA at enhancer elements upstream of both p16 and p21 genes [81].
This apparent discrepancy can be explained by the dual role that RBPJ plays,
dependent upon the presence of the NICD. In the Notch-inactive state RBPJ acts as a
transcriptional repressor of multiple genes through constitutive DNA binding [82].
Upon Notch-activation, binding of the NICD leads to conversion of RBPJ to a
transcriptional activator. Therefore, loss of RBPJ in the study by Procopio and
colleagues, in the absence of NICD, removes the transcriptional repression on these
genes and drives a similar senescent phenotype to NICD-mediated conversion to a
transcriptional activator. Consistent with this, ectopic expression of N1ICD in their
models leads to a similar phenotype to RBPJ loss [81].

At present there is no evidence that NIS is specific for NOTCHI or 3. Indeed,
in cultured endothelial cells, ectopic expression of the NICDs from NOTCHI, 2 or 4,
but not the NOTCH-target genes HEY1 or HEY?2 are able to drive a similar senescent
phenotype with reduced proliferation, increased expression of SA B-GAL and
upregulation of both pl6 and p21 [76, 77]. Functionally this is associated with
increased endothelial permeability [76] and increased endothelial pro-inflammatory
cytokine expression [77] in vitro. Therefore, seemingly all of the NOTCH receptors
can trigger a senescence response in certain contexts.

This NOTCH-induced senescent phenotype does not involve the HEY family
of transcription factors [76]. Indeed, other studies have found that HES1, a canonical
NOTCH-target gene, is important in resisting irreversible cell-cycle exit associated
with prolonged expression of p21 in fibroblasts and thereby controlling the cell-fate
decision between quiescence and senescence. In this context, 4 days of expression of
p21 are sufficient to lead to irreversible senescence. However, restoration of HESI
expression permitted cell cycle entry and proliferation even after long periods of
proliferative arrest [80]. This function of HES1 was also found in the context of OIS,
where HES1 was able to resist the entry into RAS-induced senescence and prolong
cellular proliferation.

It is interesting to speculate that cMyc could represent a plausible intermediary
underpinning NIS. Myc is known to be a direct transcriptional target of NOTCHI1 [83,
84]. Chronic activation of cMyc has also been shown to drive a form of senescence,
when the cyclin-dependent kinase CDK2 is lost or inactivated [85]. In the Eu-Myc
mouse model of lymphoma, cellular senescence has been demonstrated to underpin
the response to chemotherapy and is critical to an improvement in survival [6]; Eu-
Myc mice with biallelic loss of CDK2 have spontaneous development of senescence
within lymphoid tissue and significantly improved prognosis compared to CDK2
heterozygotes [85]. Notch is also known to repress the expression of CDK2 [86],
suggesting a model where NOTCH expression could simultaneously up and down-
regulate cMyc and CDK2 respectively, driving senescence; this remains to be tested.
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In addition to senescence driven by dysregulated signalling from the activated
forms of the Notch receptors, abrogation of FBXW7 and interruption of normal
degradation of the NICD has also been linked to senescence. Disruption of FBXW7
promotes endogenous Notch signalling and is able to lead to a proliferative arrest and
senescence-like phenotype [87]. Loss of FBXW7 in mouse embryonic fibroblasts
(MEFs) leads to a specific retention of N1ICD, amongst other FBXW7 targets, and
significant up-regulation of a range of Notch-target genes. The growth arrest could be
rescued by inhibition of Notch signalling by DAPT or subsequent loss of p53
function. This suggests that loss of FBXW?7 leads to prolonged and upregulated
Notchl signalling that is able to drive a senescent phenotype.

These effects of Notch signalling upon senescence can be recapitulated in
mouse model systems. Specific expression of N1ICD in murine endothelial cells is
associated with reduced angiogenesis and increased ex vivo SA B-GAL expression in
cultured aortic tissue, compared to tissue from control mice [76]. Ectopic expression
of N1ICD specifically in the renal tubules after renal injury, not only prolongs the
resolution of injury, but also leads to increased markers of tubular senescence with
upregulation of both pl6 and p21 [88]. In these mice, treatment with the Notch
inhibitor DAPT leads to a significant reduction in the level of both pl6 and p21,
suggesting either enhanced clearance or reduced development of senescence in the
kidneys.

Therefore, there is abundant evidence that sustained Notch activation from
increased activity or impaired degradation of several Notch family members is able to
drive a senescent phenotype, including in vivo senescence. However, the basis for
Notch acting as a tumour suppressor to drive senescence or as an oncogene leading to
malignancy, such as T-ALL remains elusive.

2.5 Notch regulates the SASP

There has been indirect evidence of a link between NOTCH and non-autonomous
signaling previously; loss of Notchl in mouse skin is associated with increased influx
of immune cells, suggesting a role for Notch in suppression of inflammatory signaling
[70]. Mechanistically Notch signalling has a complex relationship with the secretome
and TGFp signalling in particular. There seems to be a strong positive feedback loop
between NOTCH and TGFp1. Treatment of mesenchymal cells with TGFpB1 leads to
the upregulation of the Notch ligand JAGI, through the canonical TGFB1 targets
Mothers against decapentaplegic 3 (SMAD3) [89] and SMAD4 [90], whereas in
epithelial cells the TGFB1-JAG1 pathway can drive an EMT through Notch [91].
Indeed, there is some evidence that the NICD is able to physically bind to both
SMAD9 [92] and SMAD?3; the latter interaction has been demonstrated to enhance
downstream Notch signalling [93] Certainly this signalling axis seems to underpin the
proliferative arrest [94] and Notch-induced senescence of cells in response to TGF1
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treatment [75]. Co-operative signalling through these two pathways seems to be
critical for induction of p21 [94]. Both TGFB1-mediated growth arrest and SA B-GAL
expression are rescued through concurrent treatment with DAPT or knockdown of
NOTCHI. Therefore, NOTCH signalling seems to be a downstream effector of non-
autonomous signalling through TGFB1. Indeed, in addition to blindly augmenting
TGFB-signalling, activation of Notch seems to be able to shape the response to TGFp.
Notch is able to modulate the relative expression levels of the different SMAD
proteins, promoting SMAD3 in particular and altering downstream signalling
networks from TGFp [95].

From our own work we have established that N1ICD is sufficient to induce
expression of both TGFB1 and TGFB3, cell surface expression of the latency-
associated peptide, cleaved from the TGFB1 propeptide and to induce downstream
TGFp-signalling with increased chromatin-bound SMAD?3. In addition, blockade of
TGFBI1 signalling through antagonists of TGFBR1 or expression of a dominant
negative form of SMAD4 is able to partially rescue the NIS phenotype [79].

However, the relationship between Notch and a more widespread role in
control of the composition of the secretome and thereby net functional non-
autonomous output of a cell was much less clear. NOTCHI1 was identified as
significantly upregulated in an unbiased plasma membrane proteomic screen looking
for senescence-associated cell surface proteins. Validation confirmed that NOTCH1
was upregulated in several forms of senescence and in different cell types. Despite
being progressively upregulated through the transition to RAS-induced senescence
(RIS), NOTCHLI is only functionally active during the transition to senescence, with
loss of downstream signalling when cells are fully senescent. Through
pharmacological and genetic pathway manipulation during senescence it was possible
to identify that NOTCHI is able to drive expression of several TGFfB-family members
at the same time as repressing the typical pro-inflammatory SASP of RIS cells.
Transcriptional profiling confirmed that RAS and NOTCHI co-regulated the
secretome towards two polar opposite secretory phenotypes. In the case of RAS, the
secretome consisted of proinflammatory cytokines such as ILla, IL1p and ECM-
degrading matrix metalloproteases (MMP), whereas the NOTCH-driven secretome
consisted of several TGFB-family members, collagens and extracellular matrix
components such as fibronectin. Importantly, when co-expressed, N1ICD is dominant
over RAS in determining the secretome composition. Therefore, the level of NOTCH
signalling acts as a rheostat upon the secretome composition and net functional output
of cells undergoing senescence. The burst of NOTCHI1 signalling during the transition
to senescence is able to direct a pro-fibrotic and immunosuppressive SASP, prior to
subsequent loss of Notch signalling and secretome switch to an anti-fibrotic and
proinflammatory SASP [79]. We found that Notch was functionally active during in
vivo RAS-induced hepatocyte senescence, where autonomous expression of Notchl
was increased. Utilising hydrodynamic tail-vein delivery of an oncogenic NRAS-
containing transposon, we were able to induce RAS-senescence of hepatocytes [50,
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79]. Co-delivery of dnMAML1 with RAS promoted recruitment of T-lymphocytes to
the liver, associated with enhanced clearance of the RAS-senescent hepatocytes,
presumably related to an enhanced pro-inflammatory SASP. A role for Notch in
suppressing inflammation would be consistent with previous studies of Notch in other
contexts. In mice with mesenchymal-specific loss of Notch signalling spontaneous
inflammation of the skin was observed, with upregulation of a diverse array of
inflammatory mediators and MMPs, ultimately driving the development of tumours
[71].

Mechanistically NOTCHI1 inhibits the pro-inflammatory SASP through
repression of both expression and chromatin binding of the transcription factor
C/EBPp. C/EBPp is thought to act in concert with the NF-kxB component RelA in
transcriptionally regulating the SASP [31, 32]. C/EBP has been demonstrated to be a
critical factor in the generation of the SASP, with loss of C/EBPJ causing loss of pro-
inflammatory cytokine expression and senescence bypass [32]. Importantly, we could
not find any significant effect of NOTCHI activation upon expression or chromatin
binding of any NF-kB family member in the context of senescence, despite previous
evidence of a link between NOTCH and NF-kB [96]. N1ICD was able to reduce the
binding of C/EBPP to enhancer elements upstream of the /L/A locus, as well as
previously identified binding sites in the core promoters of /L6 and /L8 [79].
Therefore, our data place NOTCH1 amongst the master regulators of the senescence
secretome. In particular, NOTCH1 appears to be upstream of ILla, critically
important for the regulation of various inflammatory cytokines including IL6 and ILS.
The precise mechanism by which NOTCHI1 is able to repress C/EBPB remains
unclear, including whether this repression is direct. Previous studies have identified
that the canonical NOTCH1-target HESI is able to transcriptionally repress C/EBPa
[97], but whether a similar mechanism operates for C/EBPf is unknown.

Some evidence for a SASP with an evolving composition and downstream
functionality has been found before. In skin wound healing senescent myofibroblasts
are important to normal wound repair and their loss prolongs the time to restoration of
the wound [14]. In this context the SASP directs the operation of the healing
microenvironment, before ultimately directing the immune-mediated destruction of
the senescent cell, necessitating a time-dependent switch between non-autonomous
signalling modules with contrasting downstream functionalities. Indeed, many studies
have demonstrated that the onset of senescence is associated with a reduction in tissue
fibrosis, potentially relating to a switch from a pro-fibrotic to pro-inflammatory
secretome [51, 98].

Therapeutically, there is much interest in the concept of manipulating the
composition of the SASP to enhance passage into senescence or clearance of
senescent cells to prevent the development of cancer. In the context of PTEN-loss
associated senescence in the prostate, the typical SASP is immunosuppressive,
leading to recruitment of myeloid-derived suppressor cells and preventing immune-
mediated clearance of the senescent cells [99]. These cells also show evidence of
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signalling through the Jak2/Stat3 pathway leading to expression of chemokine (C-X-
C motif) ligand 2 (Cxcl2) and granulocyte colony-stimulating factor (G-CSF). Upon
genetic deletion of Stat3 or pharmacological inhibition of Jak2, the SASP of the
senescent prostatic epithelium shows significant reductions in Cxcl2 and G-CSF,
associated with enhanced immune-cell infiltration and reduction in subsequent tumour
development [99]. In the case of Notch, genetic inhibition through dnMAML1 is able
to enhance the clearance of RAS-senescent hepatocytes from the mouse liver,
associated with enhanced recruitment of CD3" T-lymphocytes. Therefore, modulation
of SASP composition, in order to promote chemotaxis and senescence surveillance,
can be demonstrated through two different pathways in two distinct models of
senescence. Therefore, the combination of SASP modulation to enhance recruitment
and immune-checkpoint blockade, such as anti-programmed death 1 (PD1) therapy, to
enhance immune activation could be a rational combination in the treatment of
neoplastic and pre-neoplastic lesions.

2.6 Notch and p53

TP53 is one of the most commonly mutated genes in human cancers. It also plays a
critical role in both senescence and the SASP. There is increasing evidence that Notch
and p53 have a complex relationship with regulation of both factors by the other (Fig.
16.2) [100]. In Drosophila, Notch is a direct target of pS3 activity and mediates p53-
dependent cell behaviour between apoptosis and proliferation [101]. Similarly, in both
mammalian keratinocytes and epithelial cells NOTCH has been demonstrated to be a
direct p53 transcriptional target, where p53 up-regulates NOTCHI1 expression [102,
103]. UV irradiation of the skin leads to upregulation of both Notchl expression and
activity, in a p53-dependent manner [104], where Notch acts to repress UV-damage
induced apoptosis.

Previous studies of Notch-mediated regulation of p53 have again revealed a
duality of Notch function between activation and repression of p53. In the context of
haematological malignancy, Notch is known to repress p53 function, potentially
through regulation of the p53-regulatory protein MDM2 [105] or through direct
physical interaction with p53 itself [106]. Indeed p53 has been demonstrated to bind
to both RBPJ [81] and MAML1 [107, 108] in different contexts. Through this direct
interaction, the N1ICD is able to repress the expression of p53-target genes such as
p21, in a dose-dependent manner [106]. In some tumour cell lines, NOTCH1 activity
is responsible for repression of p53-dependent apoptosis, through reducing the
stability of the p53 protein [109].

However, other studies have shown that activated Notch-signalling can
positively regulate pS3 function. The canonical Notch targets HES1 and HEY1 have
been shown to positively regulate p53 activity, through negative regulation of MDM?2
[110]. The Notch-dependent cell-cycle arrest attendant with FBXW?7 loss can be
rescued by knockout of p53 [87].
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Despite their complex reciprocal regulation, in the context of senescence,
Notch and p53 signalling seem to drive coordinated endpoints with autonomous cell
cycle arrest and cellular senescence. Similarly, loss of the constitutive repressive
RBPIJ activity is also able to drive this phenotype [81]. Physically RBPJ binds both to
the p53 promoter [111] and to p53 itself and reduces its transcriptional activity [81];
bait oligonucleotides containing the promoter sequence of the canonical p53-target
p21 were able to pull down both p53 and RBPJ, suggesting that these two factors are
physically and functionally linked in the same gene space, related to the senescence
program. Indeed increasing levels of ectopic RBPJ lead to a dose-dependent reduction
of p53 transcriptional activity [81], suggesting a functional interaction between these
factors. Paradoxically, increasing levels of the NOTCH co-activator MAML1 are able
to increase p53-directed gene transcription [107, 108], potentially though enhancing
its stability and activation [108].

However, whereas NOTCH, RBPJ and p53 coordinately regulate the
autonomous features of senescence, their roles in the regulation of non-autonomous
functionality, and the SASP in particular, is sometimes contrasting. NOTCH1 [75, 79]
and p53 [49] both function to promote cellular senescence, whilst repressing the pro-
inflammatory SASP. Constitutive RBPJ functions to repress both senescence and the
SASP [81], suggesting that NOTCH converts RBPJ to an activated state at
senescence-associated genes, but not at genes regulating the SASP or potentially that
NOTCHI1-mediated regulation of SASP or C/EBPP could be independent of RBPJ.
This remains to be directly tested, but intriguing evidence suggests that this RBPJ-
independent, non-canonical function of NOTCHI1 could occur in the regulation of
IL6, when p53 is lost [112].

Basal-type breast cancer is associated with increased Notch signalling and
expression of IL6. Ectopic expression of N1ICD or activation of endogenous NOTCH
through JAG1 leads to upregulation of IL6, but only in basal-type breast cancer cell
lines that express mutated p53 [112]. Further, expression of a dominant negative
RBPIJ reduces the expression of canonical Notch-target genes, but has no effect upon
NI1ICD-regulated IL6 expression. Conversely, N1ICD lacking the RBPJ-binding
domain or cytoplasmically-retained N1ICD are both able to up-regulate IL6, but had
no effect upon expression of HES and HEY proteins. This effect on IL6 expression
could be reversed by co-expression of wild-type p53. The precise mechanism of this
interaction remains elusive and whether this occurs with other secreted factors or in
contexts outside of breast cancer remains to be evaluated. However, the findings
reinforce that various components of the Notch-signalling pathway could have
divergent effects upon autonomous senescence and the senescence-secretome and that
some of this functionality may not require nuclear localisation or the apparatus of the
canonical Notch pathway.
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2.7 Notch-mediated juxtacrine signalling

In addition to regulating the non-autonomous behaviour of senescent cells through the
secretome, Notch also regulates signalling to the microenvironment through cell-
contact dependent pathways. Studies of embryological development have identified
two modes of Notch-dependent signalling through a tissue: lateral inhibition and
lateral induction [113]. In the former, activated Notch signalling represses the
expression of Notch ligands within the same cell leading to a reduction in signal
transmitted to neighbouring cells. Thereby, there is a differentiation between Notch
active and neighbouring Notch-inactive cells. This mode of signalling has been
commonly described as a mode of differentiating cell fate decisions on the level of
cells and boundary formation at the level of tissues [114-116].

The second mode, termed lateral induction, describes how Notch-signalling
drives autonomous expression of Notch ligands leading to increased transmission of a
Notch-signal to neighbouring cells. In this situation both signal sending and receiving
cells will be Notch-active. This mode allows for co-ordination of cell fate and a
spatial expansion of coordinated Notch-signalling across a tissue [117, 118]. The
cellular decision to induce or repress Notch ligand expression seems to involve the
strength of the Notch signal and therefore likely the balance and post-translational
modification of Notch ligands on neighbouring cells [118].

We identified that ectopic NI1ICD was able to specifically induce the
expression of JAG1 amongst the other Notch ligands. This up-regulation of JAG1
transmits a Notch signal to surrounding cells leading to non-autonomous transmission
of Notch-induced senescence with upregulation of pl16 and reduced proliferation in
the signal-receiving cells [79]. This form of senescence could be rescued through
knockdown of JAG1 expression in the sending cell, inhibiting Notch signalling with
dnMAMLI1 or with DAPT in the receiving cell. Therefore, this represented clear
evidence of in vitro N1ICD-mediated lateral induction of NOTCH signalling and
NOTCH-induced senescence through JAGI. In the mouse liver there was also
evidence of both lateral induction of Hesl and p21 expression from RAS-senescent
hepatocytes, suggesting that RAS-induced senescence is associated with the
transmission of a cell-contact dependent lateral induction of Notch signalling.

Previously non-autonomous signalling in senescence was thought to involve
paracrine, secreted factors alone. The finding of Notch-mediated cell-contact
dependent pathways adds complexity to senescence signalling to other players in the
microenvironment. It will be interesting to see, not only the effects of this Notch-
mediated signalling pathway upon surrounding parenchymal cells, but also upon
members of the immune system, where Notch is known to play a profound role in
regulating cellular differentiation [119].

3. Conclusions
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It is becoming clear that senescence, far from a simple tumour suppressor mechanism,
is a highly conserved pathway that is utilised in a variety of physiological and
pathophysiological contexts throughout the life-cycle from embryogenesis to age-
related decline. Fundamental to our understanding of the role of senescence will be to
understand how its non-autonomous functionality is regulated and the net output or
signal to the various players within the microenvironment is delivered. This output
must be dynamically regulated to deliver behaviours as diverse as inner ear
development and co-ordination of skin wound healing. We are only just beginning to
understand some of the players that control this process. Notch activity is able to
modulate both the net secretory output of the senescent cell as well as a cell-contact
dependent form of lateral induction, previously thought of as a developmental
patterning program.

We do not understand the many contradictions and dualities that have been
described to occur with Notch signalling: how is activation of this pathway oncogenic
in one context but tumour suppressive in another?

The ultimate prizes for understanding how senescent cells arise, function and
then are cleared will be therapies that may target preneoplastic lesions before they
develop into cancer and also treatments for non-cancerous age-related pathologies
where senescent cells underpin the decline in function with age.

Acknowledgements

MH is supported by a CRUK Clinician Scientist Fellowship (C52489/A19924). MN
is supported by a Cancer Research UK Cambridge Centre Core Grant
(C14303/A17197).

19



o U1 o

O 0

10
11

12
13

14
15
16

17
18
19

20
21

22
23

24
25
26

27
28
29

30
31
32

33
34
35

36
37
38

Matthew Hoare and Masashi Narita

References

1.

10.

11.

12.

13.

14.

Muiioz-Espin D, Serrano M (2014) Cellular senescence: from physiology to
pathology. Nat Rev Mol Cell Biol 15:482—-496. doi: 10.1038/nrm3823

Serrano M, Lin AW, McCurrach ME, et al (1997) Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and
pl16INK4a. Cell 88:593-602.

Michaloglou C, Vredeveld LCW, Soengas MS, et al (2005) BRAFE600-
associated senescence-like cell cycle arrest of human naevi. Nature 436:720—
724. doi: 10.1038/nature03890

Collado M, Gil J, Efeyan A, et al (2005) Tumour biology: senescence in
premalignant tumours. Nature 436:642. doi: 10.1038/436642a

Collado M, Serrano M (2010) Senescence in tumours: evidence from mice
and humans. Nat Rev Cancer 10:51-57. doi: 10.1038/nrc2772

Schmitt CA, Fridman JS, Yang M, et al (2002) A senescence program
controlled by p53 and p16INK4a contributes to the outcome of cancer
therapy. Cell 109:335-346.

Xue W, Zender L, Miething C, et al (2007) Senescence and tumour clearance
is triggered by p53 restoration in murine liver carcinomas. Nature 445:656—
660. doi: 10.1038/nature05529

van Deursen JM (2014) The role of senescent cells in ageing. Nature
509:439-446. doi: 10.1038/nature13193

Herbig U, Ferreira M, Condel L, et al (2006) Cellular senescence in aging
primates. Science 311:1257. doi: 10.1126/science.1122446

Burd CE, Sorrentino JA, Clark KS, et al (2013) Monitoring tumorigenesis
and senescence in vivo with a p16(INK4a)-luciferase model. Cell 152:340—
351. doi: 10.1016/j.cell.2012.12.010

Baker DJ, Childs BG, Durik M, et al (2016) Naturally occurring p16(Ink4a)-
positive cells shorten healthy lifespan. Nature 530:184—189. doi:
10.1038/nature16932

Baker DJ, Wijshake T, Tchkonia T, et al (2011) Clearance of p16Ink4a-
positive senescent cells delays ageing-associated disorders. Nature 479:232—
236. doi: 10.1038/nature10600

Giaimo S, d'Adda di Fagagna F (2012) Is cellular senescence an example of
antagonistic pleiotropy? Aging Cell 11:378-383. doi: 10.1111/5.1474-
9726.2012.00807.x

Demaria M, Ohtani N, Youssef SA, et al (2014) An essential role for
senescent cells in optimal wound healing through secretion of PDGF-AA.
Developmental Cell 31:722-733. doi: 10.1016/j.devcel.2014.11.012



N =

o U1 o

[eeRN|

10
11
12

13
14
15

16
17

18
19
20

21
22
23

24
25
26

27
28
29

30
31
32

33
34
35

36
37
38

39

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Notch and senescence

Muiioz-Espin D, Cafamero M, Maraver A, et al (2013) Programmed cell
senescence during mammalian embryonic development. Cell 155:1104—1118.
doi: 10.1016/j.cell.2013.10.019

Storer M, Mas A, Robert-Moreno A, et al (2013) Senescence Is a
Developmental Mechanism that Contributes to Embryonic Growth and
Patterning. Cell. doi: 10.1016/j.cell.2013.10.041

Brugarolas J, Chandrasekaran C, Gordon JI, et al (1995) Radiation-induced
cell cycle arrest compromised by p21 deficiency. Nature 377:552—557. doi:
10.1038/377552a0

Alcorta DA, Xiong Y, Phelps D, et al (1996) Involvement of the cyclin-
dependent kinase inhibitor p16 (INK4a) in replicative senescence of normal
human fibroblasts. Proc Natl Acad Sci USA 93:13742—-13747.

Shay JW, Pereira-Smith OM, Wright WE (1991) A role for both RB and p53
in the regulation of human cellular senescence. Experimental Cell Research
196:33-39.

Dai CY, Enders GH (2000) p16 INK4a can initiate an autonomous
senescence program. Oncogene 19:1613-1622. doi: 10.1038/sj.onc.1203438

Anders L, Ke N, Hydbring P, et al (2011) A Systematic Screen for CDK4/6
Substrates Links FOXM1 Phosphorylation to Senescence Suppression in
Cancer Cells. Cancer Cell 20:620-634. doi: 10.1016/j.ccr.2011.10.001

Yoshida A, Lee EK, Diehl JA (2016) Induction of Therapeutic Senescence in
Vemurafenib-Resistant Melanoma by Extended Inhibition of CDK4/6.
Cancer Research 76:2990-3002. doi: 10.1158/0008-5472.CAN-15-2931

Johmura Y, Nakanishi M (2016) Multiple facets of pS3 in senescence
induction and maintenance. Cancer Science 107:1550—-1555. doi:
10.1111/cas.13060

Kirschner K, Samarajiwa SA, Cairns JM, et al (2015) Phenotype Specific
Analyses Reveal Distinct Regulatory Mechanism for Chronically Activated
p53. PLoS Genet 11:¢1005053. doi: 10.1371/journal.pgen.1005053

Rodier F, Coppé J-P, Patil CK, et al (2009) Persistent DNA damage
signalling triggers senescence-associated inflammatory cytokine secretion.
Nature Cell Biology 11:973-979. doi: 10.1038/ncb1909

Narita M, Nufiez S, Heard E, et al (2003) Rb-mediated heterochromatin
formation and silencing of E2F target genes during cellular senescence. Cell
113:703-716.

d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, et al (2003) A DNA
damage checkpoint response in telomere-initiated senescence. Nature
426:194-198. doi: 10.1038/nature02118

Dimri GP, Lee X, Basile G, et al (1995) A biomarker that identifies senescent

21



Ul s W _

~

10
11
12

13
14
15

16
17
18
19

20
21
22

23
24
25

26
27
28
29

30
31
32

33
34
35

36
37
38

39
40

Matthew Hoare and Masashi Narita

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

human cells in culture and in aging skin in vivo. Proc Natl Acad Sci USA
92:9363-9367.

Coppé J-P, Desprez P-Y, Krtolica A, Campisi J (2010) The senescence-
associated secretory phenotype: the dark side of tumor suppression. Annu
Rev Pathol Mech Dis 5:99-118. doi: 10.1146/annurev-pathol-121808-102144

Salama R, Sadaie M, Hoare M, Narita M (2014) Cellular senescence and its
effector programs. Genes & Development 28:99—-114. doi:
10.1101/gad.235184.113

Chien Y, Scuoppo C, Wang X, et al (2011) Control of the senescence-
associated secretory phenotype by NF-kB promotes senescence and enhances
chemosensitivity. Genes & Development 25:2125-2136. doi:
10.1101/gad.17276711

Kuilman T, Michaloglou C, Vredeveld LCW, et al (2008) Oncogene-induced
senescence relayed by an interleukin-dependent inflammatory network. Cell
133:1019-1031. doi: 10.1016/j.cell.2008.03.039

Orjalo AV, Bhaumik D, Gengler BK, et al (2009) Cell surface-bound IL-
lalpha is an upstream regulator of the senescence-associated IL-6/1L-8
cytokine network. Proc Natl Acad Sci USA 106:17031-17036. doi:
10.1073/pnas.0905299106

Tasdemir N, Banito A, Roe J-S, et al (2016) BRD4 Connects Enhancer
Remodeling to Senescence Immune Surveillance. Cancer Discov 6:612—-629.
doi: 10.1158/2159-8290.CD-16-0217

Atwood AA, Sealy L (2010) Regulation of C/EBPbetal by Ras in mammary
epithelial cells and the role of C/EBPbetal in oncogene-induced senescence.
Oncogene 29:6004—6015. doi: 10.1038/onc.2010.336

Sebastian T, Johnson PF (2009) RasV12-mediated down-regulation of
CCAAT/enhancer binding protein beta in immortalized fibroblasts requires

loss of p19Arf and facilitates bypass of oncogene-induced senescence.
Cancer Research 69:2588-2598. doi: 10.1158/0008-5472.CAN-08-2312

Acosta JC, Banito A, Wuestefeld T, et al (2013) A complex secretory
program orchestrated by the inflammasome controls paracrine senescence.
Nature Cell Biology 15:978-990. doi: 10.1038/ncb2784

Freund A, Patil CK, Campisi J (2011) p38MAPK is a novel DNA damage
response-independent regulator of the senescence-associated secretory
phenotype. The EMBO Journal 30:1536—1548. doi: 10.1038/emboj.2011.69

Herranz N, Gallage S, Mellone M, et al (2015) mTOR regulates MAPKAPK?2
translation to control the senescence-associated secretory phenotype. Nature
Cell Biology 17:1205-1217. doi: 10.1038/ncb3225

Laberge R-M, Sun Y, Orjalo AV, et al (2015) MTOR regulates the pro-
tumorigenic senescence-associated secretory phenotype by promoting IL1A



12
13
14

15
16
17
18

19
20
21

22
23
24
25

26
27
28

29
30
31
32

33
34
35

36
37
38

39

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Notch and senescence

translation. Nature Cell Biology 17:1049-1061. doi: 10.1038/ncb3195

Young ARJ, Narita M, Ferreira M, et al (2009) Autophagy mediates the
mitotic senescence transition. Genes & Development 23:798—-803. doi:
10.1101/gad.519709

Narita M, Young ARJ, Arakawa S, et al (2011) Spatial coupling of mTOR
and autophagy augments secretory phenotypes. Science 332:966-970. doi:
10.1126/science.1205407

Coppé¢ J-P, Rodier F, Patil CK, et al (2011) Tumor suppressor and aging
biomarker p16(INK4a) induces cellular senescence without the associated
inflammatory secretory phenotype. Journal of Biological Chemistry
286:36396-36403. doi: 10.1074/jbc.M111.257071

Acosta JC, O'Loghlen A, Banito A, et al (2008) Chemokine signaling via the
CXCR2 receptor reinforces senescence. Cell 133:1006—1018. doi:
10.1016/j.cell.2008.03.038

Hubackova S, Krejcikova K, Bartek J, Hodny Z (2012) IL1- and TGFB-Nox4
signaling, oxidative stress and DNA damage response are shared features of
replicative, oncogene-induced, and drug-induced paracrine 'Bystander
senescence'. Aging (Albany NY') 4:932-951.

Nakamura M, Ohsawa S, Igaki T (2014) Mitochondrial defects trigger
proliferation of neighbouring cells via a senescence-associated secretory
phenotype in Drosophila. Nat Commun 5:5264. doi: 10.1038/ncomms6264

Krtolica A, Parrinello S, Lockett S, et al (2001) Senescent fibroblasts
promote epithelial cell growth and tumorigenesis: a link between cancer and
aging. Proc Natl Acad Sci USA 98:12072-12077. doi:
10.1073/pnas.211053698

Moiseeva O (2013) Metformin inhibits the senescence-associated secretory
phenotype by interfering with IKK/NF-kB activation. Aging Cell 12:489—
498. doi: 10.1111/acel.12075

Coppé J-P, Patil CK, Rodier F, et al (2008) Senescence-associated secretory
phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the
pS3 tumor suppressor. Plos Biol 6:2853-2868. doi:
10.1371/journal.pbio.0060301

Kang T-W, Yevsa T, Woller N, et al (2011) Senescence surveillance of pre-
malignant hepatocytes limits liver cancer development. Nature 479:547-551.
doi: 10.1038/nature10599

Krizhanovsky V, Yon M, Dickins RA, et al (2008) Senescence of activated
stellate cells limits liver fibrosis. Cell 134:657-667. doi:
10.1016/j.cell.2008.06.049

Lujambio A, Akkari L, Simon J, et al (2013) Non-Cell-Autonomous Tumor

23



51

[eelN|

10
11
12

13
14
15

16
17
18

19
20

21
22
23

24
25
26

27
28
29

30
31
32

33
34
35
36

37
38
39

Matthew Hoare and Masashi Narita

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Suppression by p53. Cell 153:449-460. doi: 10.1016/j.cell.2013.03.020

Eggert T, Wolter K, Ji J, et al (2016) Distinct Functions of Senescence-
Associated Immune Responses in Liver Tumor Surveillance and Tumor
Progression. Cancer Cell 30:533-547. doi: 10.1016/j.ccell.2016.09.003

Greenwald I (2012) Notch and the awesome power of genetics. Genetics
191:655-669. doi: 10.1534/genetics.112.141812

Kopan R, Tlagan MXG (2009) The canonical Notch signaling pathway:
unfolding the activation mechanism. Cell 137:216-233. doi:
10.1016/j.cell.2009.03.045

Fryer CJ, Lamar E, Turbachova I, et al (2002) Mastermind mediates

chromatin-specific transcription and turnover of the Notch enhancer complex.
Genes & Development 16:1397—-1411. doi: 10.1101/gad.991602

Fryer CJ, White JB, Jones KA (2004) Mastermind recruits CycC:CDKS to
phosphorylate the Notch ICD and coordinate activation with turnover.
Molecular Cell 16:509-520. doi: 10.1016/j.molcel.2004.10.014

O'Neil J, Grim J, Strack P, et al (2007) FBW7 mutations in leukemic cells
mediate NOTCH pathway activation and resistance to gamma-secretase
inhibitors. J Exp Med 204:1813-1824. doi: 10.1084/jem.20070876

Bray SJ (2016) Notch signalling in context. Nat Rev Mol Cell Biol. doi:
10.1038/nrm.2016.94

Ellisen LW, Bird J, West DC, et al (1991) TAN-1, the human homolog of the
Drosophila notch gene, is broken by chromosomal translocations in T
lymphoblastic neoplasms. Cell 66:649—661.

Weng AP, Ferrando AA, Lee W, et al (2004) Activating mutations of
NOTCHI1 in human T cell acute lymphoblastic leukemia. Science 306:269—
271. doi: 10.1126/science.1102160

Ranganathan P, Weaver KL, Capobianco AJ (2011) Notch signalling in solid
tumours: a little bit of everything but not all the time. Nat Rev Cancer
11:338-351. doi: 10.1038/nrc3035

Aster JC, Pear WS, Blacklow SC (2017) The Varied Roles of Notch in
Cancer. Annu Rev Pathol 12:245-275. doi: 10.1146/annurev-pathol-052016-
100127

Ronchini C, Capobianco AJ (2001) Induction of cyclin D1 transcription and
CDK2 activity by Notchic: Implication for cell cycle disruption in
transformation by Notchic. Mol Cell Biol 21:5925-5934. doi:
10.1128/MCB.21.17.5925-5934.2001

Rampias T, Vgenopoulou P, Avgeris M, et al (2014) A new tumor suppressor
role for the Notch pathway in bladder cancer. Nature Medicine. doi:
10.1038/nm.3678



N =

€2

N O

O

10
11
12

13
14
15

16
17
18

19
20
21
22

23
24
25
26

27
28
29
30

31
32
33
34

35
36
37
38

39

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Notch and senescence

Agrawal N, Frederick MJ, Pickering CR, et al (2011) Exome sequencing of
head and neck squamous cell carcinoma reveals inactivating mutations in
NOTCHI. Science 333:1154-1157. doi: 10.1126/science.1206923

Nicolas M, Wolfer A, Raj K, et al (2003) Notch1 functions as a tumor
suppressor in mouse skin. Nature Genetics 33:416—421. doi: 10.1038/ng1099

George J, Lim JS, Jang SJ, et al (2015) Comprehensive genomic profiles of
small cell lung cancer. Nature 524:47-53. doi: 10.1038/nature14664

Nowell CS, Radtke F (2017) Notch as a tumour suppressor. Nat Rev Cancer
17:145-159. doi: 10.1038/nrc.2016.145

Demehri S, Turkoz A, Kopan R (2009) Epidermal Notchl loss promotes skin
tumorigenesis by impacting the stromal microenvironment. Cancer Cell
16:55-66. doi: 10.1016/j.ccr.2009.05.016

Hu B, Castillo E, Harewood L, et al (2012) Multifocal epithelial tumors and
field cancerization from loss of mesenchymal CSL signaling. Cell 149:1207—
1220. doi: 10.1016/j.cell.2012.03.048

Hanlon L, Avila JL, Demarest RM, et al (2010) Notch1 functions as a tumor

suppressor in a model of K-ras-induced pancreatic ductal adenocarcinoma.
Cancer Research 70:4280—4286. doi: 10.1158/0008-5472.CAN-09-4645

Mazur PK, Einwichter H, Lee M, et al (2010) Notch?2 is required for
progression of pancreatic intraepithelial neoplasia and development of

pancreatic ductal adenocarcinoma. Proceedings of the National Academy of
Sciences 107:13438-13443. doi: 10.1073/pnas.1002423107

Bhatia B, Multani AS, Patrawala L, et al (2008) Evidence that senescent
human prostate epithelial cells enhance tumorigenicity: cell fusion as a
potential mechanism and inhibition by pl16INK4a and hTERT. Int J Cancer
122:1483-1495. doi: 10.1002/ijc.23222

Kagawa S, Natsuizaka M, Whelan KA, et al (2015) Cellular senescence
checkpoint function determines differential Notch1-dependent oncogenic and

tumor-suppressor activities. Oncogene 34:2347-2359. doi:
10.1038/0onc.2014.169

Venkatesh D, Fredette N, Rostama B, et al (2011) RhoA-mediated signaling
in Notch-induced senescence-like growth arrest and endothelial barrier
dysfunction. Arteriosclerosis, Thrombosis, and Vascular Biology 31:876—
882. doi: 10.1161/ATVBAHA.110.221945

Liu Z-J, Tan Y, Beecham GW, et al (2012) Notch activation induces
endothelial cell senescence and pro-inflammatory response: implication of
Notch signaling in atherosclerosis. Atherosclerosis 225:296-303. doi:
10.1016/j.atherosclerosis.2012.04.010

Cui H, Kong Y, Xu M, Zhang H (2013) Notch3 functions as a tumor

25



Ul s W _

~

10
11

12
13
14
15

16
17
18
19

20
21
22
23

24
25
26

27
28
29

30
31
32

33
34
35

36
37
38

39
40

Matthew Hoare and Masashi Narita

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

suppressor by controlling cellular senescence. Cancer Research 73:3451—
3459. doi: 10.1158/0008-5472.CAN-12-3902

Hoare M, Ito Y, Kang T-W, et al (2016) NOTCH1 mediates a switch between
two distinct secretomes during senescence. Nature Cell Biology 18:979-992.
doi: 10.1038/ncb3397

Sang L, Coller HA, Roberts JM (2008) Control of the reversibility of cellular
quiescence by the transcriptional repressor HES1. Science 321:1095-1100.
doi: 10.1126/science.1155998

Procopio M-G, Laszlo C, Labban Al D, et al (2015) Combined CSL and p53
downregulation promotes cancer-associated fibroblast activation. Nature Cell
Biology 17:1193—-1204. doi: 10.1038/ncb3228

Wang H, Zou J, Zhao B, et al (2011) Genome-wide analysis reveals
conserved and divergent features of Notch1/RBPJ binding in human and
murine T-lymphoblastic leukemia cells. Proc Natl Acad Sci USA 108:14908—
14913. doi: 10.1073/pnas.1109023108

Palomero T, Lim WK, Odom DT, et al (2006) NOTCH]1 directly regulates c-
MYC and activates a feed-forward-loop transcriptional network promoting
leukemic cell growth. Proc Natl Acad Sci USA 103:18261-18266. doi:
10.1073/pnas.0606108103

Weng AP, Millholland JM, Yashiro-Ohtani Y, et al (2006) c-Myc is an
important direct target of Notchl in T-cell acute lymphoblastic
leukemia/lymphoma. Genes & Development 20:2096-2109. doi:
10.1101/gad.1450406

Campaner S, Doni M, Hydbring P, et al (2010) Cdk2 suppresses cellular
senescence induced by the c-myc oncogene. Nature Cell Biology 12:54-9—
sup pp 1-14. doi: 10.1038/ncb2004

QiR, AnH, Yu, et al (2003) Notchl signaling inhibits growth of human
hepatocellular carcinoma through induction of cell cycle arrest and apoptosis.
Cancer Research 63:8323-8329.

Ishikawa Y, Onoyama I, Nakayama KI, Nakayama K (2008) Notch-
dependent cell cycle arrest and apoptosis in mouse embryonic fibroblasts
lacking Fbxw7. Oncogene 27:6164—6174. doi: 10.1038/0onc.2008.216

Sorensen-Zender I, Rong S, Susnik N, et al (2014) Renal tubular Notch
signaling triggers a prosenescent state after acute kidney injury. Am J Physiol
Renal Physiol 306:F907-15. doi: 10.1152/ajprenal.00030.2014

Kurpinski K, Lam H, Chu J, et al (2010) Transforming growth factor-beta
and notch signaling mediate stem cell differentiation into smooth muscle
cells. Stem Cells 28:734-742. doi: 10.1002/stem.319

Sethi N, Dai X, Winter CG, Kang Y (2011) Tumor-derived JAGGEDI1
promotes osteolytic bone metastasis of breast cancer by engaging notch



Ul s W —_

N O

10
11
12

13
14
15

16
17
18

19
20
21
22

23
24
25
26

27
28
29

30
31
32
33

34
35

36
37
38

39

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Notch and senescence

signaling in bone cells. Cancer Cell 19:192-205. doi:
10.1016/j.ccr.2010.12.022

Zavadil J, Cermak L, Soto-Nieves N, Bottinger EP (2004) Integration of
TGF-beta/Smad and Jagged1/Notch signalling in epithelial-to-mesenchymal
transition. The EMBO Journal 23:1155-1165. doi: 10.1038/sj.emboj.7600069

Yatim A, Benne C, Sobhian B, et al (2012) NOTCH1 Nuclear Interactome
Reveals Key Regulators of Its Transcriptional Activity and Oncogenic
Function. Mol Cell. doi: 10.1016/j.molcel.2012.08.022

Blokzijl A, Dahlqvist C, Reissmann E, et al (2003) Cross-talk between the
Notch and TGF-beta signaling pathways mediated by interaction of the Notch
intracellular domain with Smad3. The Journal of Cell Biology 163:723—728.
doi: 10.1083/jcb.200305112

Niimi H, Pardali K, Vanlandewijck M, et al (2007) Notch signaling is
necessary for epithelial growth arrest by TGF-beta. The Journal of Cell
Biology 176:695-707. doi: 10.1083/jcb.200612129

FuY, Chang A, Chang L, et al (2009) Differential regulation of transforming
growth factor beta signaling pathways by Notch in human endothelial cells. J
Biol Chem 284:19452—-19462. doi: 10.1074/jbc.M109.011833

Oakley F, Mann J, Ruddell R-G, et al (2003) Basal expression of
IkappaBalpha is controlled by the mammalian transcriptional repressor RBP-
J (CBF1) and its activator Notchl. J Biol Chem 278:24359-24370. doi:
10.1074/jbc.M211051200

De Obaldia ME, Bell J1J, Wang X, et al (2013) T cell development requires
constraint of the myeloid regulator C/EBP-a by the Notch target and

transcriptional repressor Hes1. Nature Publishing Group 14:1277-1284. doi:
10.1038/ni.2760

Jun J-1, Lau LF (2010) The matricellular protein CCN1 induces fibroblast
senescence and restricts fibrosis in cutaneous wound healing. Nature Cell
Biology 12:676—685. doi: 10.1038/ncb2070

Toso A, Revandkar A, Di Mitri D, et al (2014) Enhancing chemotherapy
efficacy in pten-deficient prostate tumors by activating the senescence-

associated antitumor immunity. Cell Rep 9:75-89. doi:
10.1016/j.celrep.2014.08.044

Dotto GP (2009) Crosstalk of Notch with p53 and p63 in cancer growth
control. Nat Rev Cancer 9:587-595. doi: 10.1038/nrc2675

Simoén R, Aparicio R, Housden BE, et al (2014) Drosophila p53 controls
Notch expression and balances apoptosis and proliferation. Apoptosis
19:1430-1443. doi: 10.1007/s10495-014-1000-5

Yugawa T, Handa K, Narisawa-Saito M, et al (2007) Regulation of Notch1

27



N =

oUW

38
39
40

Matthew Hoare and Masashi Narita

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

gene expression by p53 in epithelial cells. Mol Cell Biol 27:3732-3742. doi:
10.1128/MCB.02119-06

Lefort K, Mandinova A, Ostano P, et al (2007) Notchl1 is a p53 target gene
involved in human keratinocyte tumor suppression through negative
regulation of ROCK1/2 and MRCKalpha kinases. Genes & Development
21:562-577. doi: 10.1101/gad. 1484707

Mandinova A, Lefort K, Tommasi di Vignano A, et al (2008) The FoxO3a
gene is a key negative target of canonical Notch signalling in the keratinocyte
UVB response. The EMBO Journal 27:1243-1254. doi:
10.1038/emboj.2008.45

Beverly LJ, Felsher DW, Capobianco AJ (2005) Suppression of p53 by Notch
in lymphomagenesis: Implications for initiation and regression. Cancer
Research 65:7159-7168. doi: 10.1158/0008-5472.CAN-05-1664

Kim SB, Chae GW, Lee J, et al (2007) Activated Notchl interacts with p53 to
inhibit its phosphorylation and transactivation. Cell Death Differ 14:982-991.
doi: 10.1038/sj.cdd.4402083

Zhao Y, Katzman RB, Delmolino LM, et al (2007) The notch regulator
MAMLI interacts with p53 and functions as a coactivator. J Biol Chem
282:11969-11981. doi: 10.1074/jbc.M608974200

Yun J, Espinoza I, Pannuti A, et al (2015) p53 Modulates Notch Signaling in
MCF-7 Breast Cancer Cells by Associating With the Notch Transcriptional
Complex Via MAMLI. J Cell Physiol 230:3115-3127. doi:
10.1002/jcp.25052

Licciulli S, Avila JL, Hanlon L, et al (2013) Notchl is required for Kras-
induced lung adenocarcinoma and controls tumor cell survival via p53.
Cancer Research 73:5974-5984. doi: 10.1158/0008-5472.CAN-13-1384

Huang Q, Raya A, Delesus P, et al (2004) Identification of p53 regulators by
genome-wide functional analysis. Proc Natl Acad Sci USA 101:3456-3461.
doi: 10.1073/pnas.0308562100

Boggs K, Henderson B, Reisman D (2009) RBP-Jkappa binds to and
represses transcription of the p53 tumor suppressor gene. Cell Biol Int
33:318-324. doi: 10.1016/j.cellbi.2008.12.005

Jin S, Mutvei AP, Chivukula IV, et al (2012) Non-canonical Notch signaling
activates IL-6/JAK/STAT signaling in breast tumor cells and is controlled by
p53 and IKKo/IKKf. Oncogene. doi: 10.1038/onc.2012.517

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch signaling: cell fate
control and signal integration in development. Science 284:770-776.

Boni A, Urbanek K, Nascimbene A, et al (2008) Notchl regulates the fate of
cardiac progenitor cells. Proceedings of the National Academy of Sciences
105:15529-15534. doi: 10.1073/pnas.0808357105



Uy

Notch and senescence

115, Guo M, Jan LY, Jan YN (1996) Control of daughter cell fates during
asymmetric division: interaction of Numb and Notch. Neuron 17:27-41.

116.  Lim KJ, Brandt WD, Heth JA, et al (2014) Lateral inhibition of Notch
signaling in neoplastic cells. Oncotarget

117.  Hartman BH, Reh TA, Bermingham-McDonogh O (2010) Notch signaling
specifies prosensory domains via lateral induction in the developing

mammalian inner ear. Proceedings of the National Academy of Sciences
107:15792-15797. doi: 10.1073/pnas.1002827107

118.  Petrovic J, Formosa-Jordan P, Luna-Escalante JC, et al (2014) Ligand-
dependent Notch signaling strength orchestrates lateral induction and lateral
inhibition in the developing inner ear. Development 141:2313-2324. doi:
10.1242/dev.108100

119.  Backer RA, Helbig C, Gentek R, et al (2014) A central role for Notch in
effector CD8+ T cell differentiation. Nat Immunol 15:1143-1151. doi:
10.1038/ni.3027

Figure legends

Fig. 1. Cellular senescence is a highly conserved cellular pathway involved in diverse
biological contexts. (A) Whilst originally identified in the context of telomere attrition
and then suppression of oncogene-induced transformation, cellular senescence is now
recognized to occur in contexts as diverse as embryological development, wound
healing and the response to anti-cancer therapies. (B) Cellular senescence is
underpinned by two cellular pathways driven by gene-products of the CDKN2A

locus. Both p14**" (p19 in mice) and p16™***

are expressed from this locus and
result in p53 and Rb-dependent cellular responses, respectively. There is enormous
interest in the recently developed CDK4/6 inhibitors, such as palbociclib, which can
restore a tumour suppressive senescence response in cancer cells that have intact Rb
signalling. (C) The presence of senescence within a cell is inferred by a panel of
markers and downstream effector functions, none of which are truly specific for
senescence. The chromatin of RAS-senescent IMR90 human diploid fibroblasts
undergoes a significant architectural change to form DAPI-dense foci of
heterochromatin called senescence-associated heterochromatic foci (SAHF).
Senescent cells have an expansion of their lysosomal compartment and express

galactosidase activity at a non-optimal pH, termed senescence-associated beta-

galactosidase (SA B-GAL). Senescent cells are highly secretory and produce a range
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of cytokines, growth factors and matrix-modifying enzymes termed the senescence-
associated secretory phenotype (SASP); shown here are RAS-senescent IMR90s
expressing the chemokine IL8. The most fundamental characteristic of senescent
cells is their lack of proliferation, even upon growth factor or oncogenic stimulation,

demonstrated here by lack of colony forming ability compared to control cells.

Fig. 2. NOTCH and p53 are involved in complex reciprocal regulation, but drive
coordinated outputs in senescence. NOTCH and p53 have been demonstrated to
reciprocally regulate each other, including through physical binding, leading to
stimulation or inhibition in a context-dependent manner. However, in the context of
senescence, both drive common outputs with an autonomous cell-cycle arrest and
subsequent senescence, in addition to inhibiting the pro-inflammatory senescence
secretome and therefore coordinately modulating the non-autonomous functionality of

senescent cells.
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