
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/304250067

The	emerging	role	of	Notch	pathway	in	ageing:
Focus	on	the	related	mechanisms	in	age-
related	diseases

Article		in		Ageing	research	reviews	·	June	2016

DOI:	10.1016/j.arr.2016.06.004

CITATIONS

4

READS

110

4	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Endothelial	progenitor	cells	in	age-related	diseases	View	project

Carmela	Rita	Balistreri

Università	degli	Studi	di	Palermo

130	PUBLICATIONS			2,265	CITATIONS			

SEE	PROFILE

Rosalinda	Madonna

Università	degli	Studi	G.	d'Annunzio	Chieti	e	…

135	PUBLICATIONS			1,341	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Carmela	Rita	Balistreri	on	06	July	2016.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document
and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/304250067_The_emerging_role_of_Notch_pathway_in_ageing_Focus_on_the_related_mechanisms_in_age-related_diseases?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/304250067_The_emerging_role_of_Notch_pathway_in_ageing_Focus_on_the_related_mechanisms_in_age-related_diseases?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Endothelial-progenitor-cells-in-age-related-diseases?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carmela_Balistreri?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carmela_Balistreri?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universita_degli_Studi_di_Palermo?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carmela_Balistreri?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rosalinda_Madonna?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rosalinda_Madonna?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universita_degli_Studi_G_dAnnunzio_Chieti_e_Pescara?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rosalinda_Madonna?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carmela_Balistreri?enrichId=rgreq-9c9165a1e456297f760e74f1ac5df7a9-XXX&enrichSource=Y292ZXJQYWdlOzMwNDI1MDA2NztBUzozODA3NzMyNDE3Njk5ODZAMTQ2Nzc5NDgyMzIxMg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


R

T
m

C
a

b

C
c

d

a

A
R
R
A
A

K
N
A
A
a
I
B
t

C

h
1

Ageing Research Reviews 29 (2016) 50–65

Contents lists available at ScienceDirect

Ageing Research  Reviews

jou rn al hom epage: www.elsev ier .com/ locate /ar r

eview

he  emerging  role  of  Notch  pathway  in  ageing:  Focus  on  the  related
echanisms  in  age-related  diseases

armela  Rita  Balistreri a,∗,  Rosalinda  Madonna b, Gerry  Melino c,d, Calogero  Caruso a

Department of Pathobiology and Medical Biotechnologies, University of Palermo, 90134 Palermo, Italy
Center of Excellence on Aging, Institute of Cardiology, Department of Neurosciences, Imaging and Clinical Sciences “G. d’Annunzio” University, 66100
hieti, Italy
Medical Research Council Toxicology Unit, Leicester LE1 9HN, UK
University of Rome Tor Vergata, 00133 Rome, Italy

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 21 March 2016
eceived in revised form 10 June 2016
ccepted 16 June 2016
vailable online 17 June 2016

eywords:
otch pathway

a  b  s  t  r  a  c  t

Notch  signaling  is  an  evolutionarily  conserved  pathway,  which  is  fundamental  for the  development  of all
tissues,  organs  and  systems  of  human  body.  Recently,  a considerable  and  still  growing  number  of  studies
have  highlighted  the contribution  of  Notch  signaling  in  various  pathological  processes  of the  adult  life,
such  as  age-related  diseases.  In particular,  the  Notch  pathway  has  emerged  as  major  player  in  the  main-
tenance  of  tissue  specific  homeostasis,  through  the  control  of  proliferation,  migration,  phenotypes  and
functions  of  tissue  cells,  as  well  as  in  the  cross-talk  between  inflammatory  cells  and  the  innate  immune
system,  and  in  onset  of inflammatory  age-related  diseases.  However,  until  now  there  is a confounding
geing
ge-related diseases

 signaling complex network
nvolved mechanisms
iomarkers and targets for personalized
reatments

evidence  about  the  related  mechanisms.  Here,  we discuss  mechanisms  through  which  Notch  signaling
acts  in  a  very  complex  network  of  pathways,  where  it seems  to  have  the  crucial  role  of  hub.  Thus,  we
stress  the  possibility  to  use  Notch  pathway,  the related  molecules  and  pathways  constituting  this  net-
work,  both  as  innovative  (predictive,  diagnostic  and  prognostic)  biomarkers  and  targets  for personalised
treatments  for  age-related  diseases.

©  2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction
Cardiovascular system, extensively distributed among cells, tis-
sues, organs, apparatuses and systems of the human body, has
the fundamental role to supply oxygen and nutrients and brings
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Box 1: From the theory of Dr David Barker defined as
“the fetal origin of adult disease (FOAD)” to concepts
of fetal programming-imprinting.
The FOAD hypothesis holds that events during early develop-
ment have a profound impact on one’s risk for development
of future adult disease Barker et al., 1989, 2009; Barker, 2004;
Calkins and Devaskar, 2011). Precisely, it sustains “the fetal pro-
gramming concept”. The notion of fetal programming implies
that, during critical period of prenatal growth, a complex
interplay in genetic composition, intrauterine conditions and
epigenetic transmission between maternal milieu and fetus
evocated by hormonal (i.e. hormonal status may  be modi-
fied and exacerbated by assisted reproductive technologies,
as recently demonstrated by Padhee and colleagues study;
Padhee et al., 2015) and nutrient maternal changes may  alter
the full expression of fetal genome leading to permanent
effects on large range of physical conditions, characterizing the
modified and permanent phenotype of fetus. For example, low
birth weight, a surrogate marker of poor fetal growth and nutri-
tion, is linked to coronary artery disease, hypertension, obesity,
and insulin resistance. Clues originally arose from large 20th
century, European birth registries. Today, large, diverse human
C.R. Balistreri et al. / Ageing R

way metabolic wastes. In addition, it also has capacity to sus-
ain tissue growth and repair, and to provide cells and molecules
or inducing immune surveillance. Alterations in genesis, homeo-
tasis, structure and function of cardiovascular system determine,
ith advancing age, the onset and the progression of several age-

elated diseases. For examples, abnormalities in cardiovascular
elf repair/regeneration and growth maintenance may  exacer-
ate ischemic conditions, such as stroke and myocardial infarction
MI). Excessive angiogenesis, on the one hand, and abnormal
ascular endothelium damage, on the other, may, while, induce
ancer, inflammation, atherosclerosis, thrombosis, hypertension,
iabetes and neurodegenerative disorders, such as Alzheimer dis-
ase (AD). This evidence has drawn attention of entire scientific
ommunity for searching urgent interventions, both in preventive
easures and biomedicine research, in order to decrease the grow-

ng incidence of these diseases associated with “old population
henomenon”. On the other hand, the most important determinant
f cardiovascular health is person’s age, and precisely the person
iological age, as recently suggested in our studies (Balistreri et al.,
012, 2014). By 2030, approximately 20% of the population will be
ged 65 or older (Edwards, 2012). In this age group, age-related dis-
ases, and particularly cardiovascular diseases (CVDs), will result in
0% of all deaths and rank as the leading cause (Heidenreich et al.,
011). Accordingly, in the last years the study of “endothelium dys-

unction” and the related cellular and molecular mechanisms has
btained the major interest in a large number of research groups.
his is in accordance to well recognized evidence that endothe-

ium dysfunction is the first pathological condition associated not
nly with all CVDs, but also with other age-related diseases, being
he endothelial cells (ECs) components of the stroma of all tissues
nd organs. Accumulation of EC damages followed by death and
mpaired cardiovascular self repair, due principally to altered age-
elated function of tissue-specific resident and circulating stem or
rogenitor cells, characterize the onset of endothelial dysfunction
Regina et al., 2016). Precisely, when an imbalance between dam-
ge/death and regeneration of the endothelium occurs, integrity
nd function of endothelium is threatened, and the origin and
rogression of CVDs, or other age-related diseases, is favored
Madonna et al., 2016a, 2016b).

Experimental studies on endothelium have led to relevant
nd promising discoveries and advances. Among these findings,
trong opinion has been emerging that the solution, to counter-
ct the onset of age-related diseases, has the roots in the cellular
echanisms and evolutionally conserved signaling pathways of

he cells, as the stem and progenitor cells (i.e. hematopoietic and
o-hematopoietic stem cells and their progenitors), involved in
he genesis of vessels, “vasculargenesis”, tissues, organs and sys-
ems. This is in accordance to the innovative concepts of fetal
rogramming-imprinting based on theory popularized, for the first
ime in 1989, by Dr David Barker, and defined as “the fetal origin
f adult disease (FOAD)” (Barker et al., 1989, 2009; Barker, 2004)
see Box 1). Such concepts have been corroborated by valid data
btained from diverse human cohorts and various animal models,

eading to other emerging speculations as the concepts of fetal vas-
ular ageing proposed in 2011 by Pitale and Sahasrabuddhe (2011).
hus, David Barker’s observations continue to be confirmed and
ested in the time across multicultural populations and animal

odels subjected to various constraints (Barker et al., 1989, 2009;
arker, 2004; Calkins and Devaskar, 2011). Indeed, the important

mplications of FOAD hypothesis has been also underlined by the
ollowing statement of World Health Organization, “The global bur-
en of death, disability and loss of human capital as a result of impaired
etal development is huge and affects both developed and developing
ountries (http://www.who.int/int/nutrition/topics/fetal dev)”.

Based on these observations, the field of stem cell biology and
volutionally conserved signaling pathways is becoming the gold
cohorts and various animal models have extensively replicated
these original observations.

object of research of a large number of studies. Accordingly, it is
emerging the fundamental role of an evolutionally conserved sig-
naling pathway, the Notch pathway, in stem/progenitor cell fate
decision, as well as in the life cycle of adult cells (Fiúza and
Arias, 2007). Notch signaling pathway, by itself or cross-talking
with other pathways (see below), has been shown to have a large
range of critical functions during the development not only of car-
diovascular system, but also in that of all tissues and systems.
In addition, aberrant Notch signaling (both hyper- and hypoac-
tive) has been implicated in a number of human developmental
disorders (i.e. Alagille syndrome or cerebral autosomal dominant
arteriopathy CADASIL disease; see Box 2) and many cancers (see
Box 3). Recently, it is also emerging its involvement in age-related
diseases, by manifesting itself pleiotropic effects and acting through
mechanisms not completely clear.

Here, we will report critical genes and signaling pathways
involved in the ageing of stem and progenitor cells, focusing the
interest on the role of Notch pathway (which seems to act by
hub in an intricate signaling pathway network) and the related
main mechanisms. In addition, we will discuss on the possibility
to use Notch pathway, the related molecules and pathways con-
stituting a network, both as innovative (predictive, diagnostic and
prognostic) biomarkers and targets for personalised therapies of
age-related diseases, which are the very challenges for the mainte-
nance of heath in our populations. The concepts stressed, here, are
fruit of considerations derived by expert opinion on the findings
from author’s studies on ageing, age-related diseases (particularly
CVDs) and inflammation.

2. Critical genes and signaling pathways in stem cell ageing
and rejuvenation

It is well recognized that the decline of tissue regenerative
potential accompanies ageing. It may  be due to age-related changes
in tissue-specific stem cells. Adult stem cells, which divide through-
out the life of an individual, experience both chronological and
replicative ageing (Charville and Rando, 2011). This determines

an enhance of the burden of mutations with age, as well as
an increase in probability of cells, and particularly of stem and
progenitor cells, to undergo apoptosis, malignant transformation,
or senescence (Kuilman et al., 2010). The underlying cause of
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Box 2: Notch defects as causes of hereditary disorders
and some diseases related to the spectrum of alter-
ations regarding angiogenesis, vascular development
and aortic valve anomalies.
In human, congenital cardiac malformation, Alagille syn-
drome, an autosomal dominant disorder characterized by
developmental abnormalities, is caused by mutations in Notch
ligand JAGGED1 gene. Another human disease, CADASIL
(cerebral autosomal dominant arteriopathy with subcortical
infarct and leukoencephalopathy) is related to a mutation in
gene of the Notch-3 receptor and affects vascular smooth
muscle cell (VSMC) development. Genetic mutation analysis
of mice lacking of Notch receptors or their ligands revealed
abnormalities during blood vessel formation, arteriovenous
specification (You et al. 2005), and impaired proliferation and
migration of endothelial cells (ECs) (Iso et al. 2003). Loss
of Notch-1, Notch-4 (Krebs et al. 2004), Notch-3 (Domenga
et al. 2004), Delta-like ligand (Dll)-4 (Gale et al. 2004), or Jag-1
(Xue et al. 1999) lead to defects in angiogenesis and vascular
development. Likewise, the knockout of Notch transcriptional
targets Hey1 and Hey2 impaired vascular development, with
vessels still forming de novo, but remaining small and fail-
ing to develop (Fischer et al., 2004). Notably, the Notch ligand
Dll-4 has been shown to be a pivotal regulator of tumor angio-
genesis and vascular development, linking EC bioactivity to
the tissue environment via Notch ligand receptor signaling
(Noguera-Troise et al., 2006; Ridgway et al., 2006). In 2005,
Garg and coworkers, demonstrated that mutations in the
signaling and transcriptional regulator of Notch-1 cause a spec-
trum of developmental aortic valve anomalies and severe valve
calcification in non-syndromic autosomal- dominant human
pedigrees. Consistent with the valve calcification phenotype,
Notch-1 transcripts were most abundant in the developing
aortic valve of mice, and Notch-1 repressed the activity of
Runx2, a central transcriptional regulator of osteoblast cell
fate. The hairy-related family of transcriptional repressors (Hrt),
which are activated by Notch-1 signaling, physically interacted
with Runx2 and repressed Runx2 transcriptional activity inde-
pendent of histone deacetylase activity. The authors hence
suggested that Notch-1 mutations cause an early developmen-
tal defect in the aortic valve and a later de-repression of calcium
deposition that causes progressive aortic valve disease. The
same research group and others interestingly revealed that
mutations in Notch-1 are also associated with congenital heart
defects such as bicuspid aortic valve diseases (Niessen and
Karsan, 2008).

Box 3: Notch signaling in cancer.
A significant association between the deregulation of the
Notch pathway and different cancers has been observed
(Ntziachristos et al., 2014). The mechanisms involved seem
to be diverse. However, it sustains that they prevalently are
the result both of processes of iperactivation or inactivation
induced by mutations or other DNA/chromosome changes,
but also of epigenetic alterations (Ntziachristos et al., 2014).
For example, in 55–60% of the total T-cell acute lymphoblas-
tic leukemia, mutations with activator biological effects, or
deletions determining stop codons or frame shift effects have
been significantly observed (Weng et al., 2004). In case of
melanoma, it has been observed that Notch-1, in constitutive
active form, mediates melanoma cell growth, by inducing beta-
catenin activation (Balint et al., 2005). In addition, the group
of Ntziachristos underlined that an up-regulated Notch signal-
ing has significant oncogenic effects in the onset of several
neoplasia, including the related mechanisms to the inhibition
of apoptosis process and induction of cellular proliferation
(Ntziachristos et al., 2014).
ch Reviews 29 (2016) 50–65

ageing, which determines all these changes, actually remains one
of the central mysteries of biology. Despite this, recent studies in
several different systems suggest, that not only may  the rate of
ageing be modified by environmental and genetic factors, but also
that the ageing clock can be reversed, restoring characteristics of
youthfulness to aged cells and tissues (Rando and Chang, 2012).
An example has been provided in 2005 by the group of Rando on
ageing of skeletal muscle stem cells (Conboy et al., 2005). Precisely,
they examined the influence of systemic factors on aged progenitor
cells from muscle tissues, by establishing parabiotic pairings (that
is, a shared circulatory system) between young and old mice (het-
erochronic parabioses) and exposing old mice to factors present
in young serum. Notably, heterochronic parabiosis restored the
activation of Notch signaling as well as the proliferation and regen-
erative capacity of aged satellite cells. Thus, they concluded that the
age-related decline of progenitor cell activity can be modulated by
systemic factors that change with age. Another group, using the
same type of investigations, i.e. parabiosis experiments, in 2014
demonstrated that the circulating protein growth differentiation
factor 11 (GDF11) is a rejuvenating factor for skeletal muscle. As
result, they suggested that GDF11 systemically regulates muscle
ageing and may  be therapeutically useful for reversing age-related
skeletal muscle and stem cell dysfunction (Sinha et al., 2014).

Several signaling pathways have been identified to revert the
process of skeletal muscle senescence. For example, the activation
of Notch pathway has been shown to restore the myogenic differ-
entiation capacity of satellite cells, bringing it to a level similar to
that characterizing young cells from 20-years old humans (Carlson
et al., 2009). On the other hand, with age, skeletal muscle stem cells
have been shown to have markedly impaired capability of prolif-
eration and differentiation into myoblasts (Conboy et al., 2003). Of
note, cellular senescence in skeletal muscle stem cells may  be due to
diminished activation of Notch and its ligand Delta. Forced activa-
tion of Notch restored regenerative potential to old muscle (Conboy
et al., 2003). In addition to the loss of Notch activation, it has been
demonstrated the key role of transforming growth factor (TGF)-�.
Old muscles have been shown to produce excessive levels of TGF-�,
which interferes with their regenerative capacity by inducing TGF-
� and pSmad3 in skeletal muscle stem cells (Carlson et al., 2008a,
2008b, 2009). Importantly, endogenous Notch and pSmad3 have
been shown to antagonize each other in the control of satellite-cell
proliferation, and attenuation of TGF-beta/pSmad3 in old, injured
muscle restored regeneration to satellite cells (Carlson et al., 2009).

Recently, it has been also suggested that ageing can also be
reversed in cardiovascular stem cells. Indeed, stem/progenitor cells
in older humans are expected to have a decreased reparative capac-
ity in response to tissue injury (as summarized in Madonna et al.,
2016a, 2016b). Several molecules can be implicated in reverting the
stem cell ageing, including Pim-1 kinase, Notch signaling and telo-
merase. In particular, Notch pathway plays also important roles
in cardiac differentiation and regeneration. In mice, it has been
shown that Notch is required for cardiac development and pro-
motes the expansion of cardiac precursor cells (Yang et al., 2012;
Nemir et al., 2014; Zhao et al., 2014a,b). Moreover, in zebrafish, it
has been demonstrated that Notch signaling is required for cardiac
regeneration (Zhao et al., 2014a,b). Pim-1 kinase has been identi-
fied as an anti-senescence factor in cardiac stem cells (CSCs) as well
as in mesenchymal stem cells (MSCs). Pim-1 enhances proliferation
(Fischer et al., 2009), metabolic activity (Mohsin et al., 2013) and
differentiation (Choudhery et al., 2012; Zippo et al., 2004) of CSCs
and mesenchymal stem cells (MSCs) in neovessels and new cardiac
myocytes. Pim-1 also serves as a pro-survival mediator by preserv-

ing mitochondrial integrity (Borillo et al., 2010) and antagonizing
intrinsic apoptotic cascades (Yan et al., 2003). Moreover, Pim-1 pre-
serves telomere length and telomerase activity of CSCs (Mohsin
et al., 2012). Finally, Mohsin and colleagues have shown that genetic
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Box 4: Structure of Notch pathway and canonical lig-
ands.
The Notch gene was discovered almost 90 years ago by Mor-
gan and colleagues who observed that partial loss of function
results in notches at the wing margin in flies (Drosophila
melanogaster) (Borggrefe and Oswald, 2009). Decades later
in loss of function experiments, Notch was found to cause a
“neurogenic” phenotype, where cells destined to become epi-
dermis switch fate and give rise to neural tissue, reviewed in
(Borggrefe and Oswald, 2009). In the early eighties, the Notch
gene was found to encode a 300 kDa single-pass transmem-
brane receptor. The extracellular domain of the Notch receptor
contains 36 epidermal growth factor (EGF)-like repeats essen-
tial for ligand binding. The intracellular domain is involved
in cellular signaling and contains multiple conserved protein
domains. Subsequently, Notch-like molecules have been iden-
tified from C. elegans (LIN-12) to humans, playing important,
and apparently conserved, functional roles in development. In
mammals, four Notch receptors (Notch 1–4) and five activat-
ing canonical ligands (JAGGED1, JAGGED2, DLL1, DLL3 and
DLL4) have been described. Notch receptors are synthesized
as single-chain precursors that, after glycosylation by protein
O-fucosyl transferase (POFUT1) in the endoplasmic reticulum,
are processed into noncovalently linked Notch extracellular
(NECD) and intracellular (NICD) domains in the trans-Golgi
(Caolo et al., 2011). Ligand binding induces a conformational
change that allows the first proteolytic cut by “A Disintegrin
And Metalloprotease,” ADAM (the principal involved are 10
and 17). ADAM removes the extracellular portion of Notch
and creates a membrane-tethered intermediate, which is a
substrate for �-secretase, a cleaving protease complex. �-
secretase, in turn, generates the active form of Notch (Notch
intracellular fragment, NIC), which translocates to the nucleus,
where it binds the transcriptional factor CSL (CBF1, Suppressor
of Hairless, Lag-1), also known as recombinant signal binding
protein 1 for J� (RBP-J�). Such NIC binding displaces repres-
sor molecules and promotes the recruitment of coactivator
molecules. This in turn activates the transcription of specific
Notch target genes, such as Hes (hairy/enhancer of split), Hey
(Hes-related proteins), Nrarp (Notch-regulated andrin repeat
protein), cMyc, cyclin D1, and many other genes. Indeed, the
spectrum of immediate notch targets is large and several genes
may  be activated in parallel, including those encoding repres-
sor transcription factors like Snail1 (Sahlgren et al., 2008), p21
(Rangarajan et al., 2001) or c-Myc, with a context-dependent
C.R. Balistreri et al. / Ageing R

odification of aged human cardiac progenitor cells (CPCs) with
im-1 kinase results in remarkable rejuvenation of the CPCs associ-
ted with enhanced proliferation, increased telomere lengths, and
ecreased susceptibility to replicative senescence (Mohsin et al.,
013) (for extensive review on this topic, see Madonna et al., 2015,
016a, 2016b).

Another pathway involved in stem cell ageing is the telomere-
elomerase axis (for extensive review on this topic, see Balistreri
t al., 2012, 2013, 2014). In 1998, it had been suggested that the
ife-span of human cells can be extended by telomerase activation
Bodnar et al., 1998). Since then great effort has been invested to
ranslate this finding to cardiac cells (Wong et al., 2009; Brandt,
010). Telomerase has been demonstrated to maintain telomere

ength, to contribute to cell survival and proliferation, and to pre-
ent cellular senescence (Qu et al., 2011; Jan et al., 2012). In a
ubpopulation of adipose tissue–derived mesenchymal stromal
ell MSCs (AT-MSCs), high levels of myocardin (MYOCD) and the
atalytic subunit of telomerase (i.e., telomerase reverse transcrip-
ase or TERT) with antisenescence properties have been detected
Madonna et al., 2008, 2013). MYOCD is a key regulator of car-
iovascular myogenic development and nuclear co-transcription

actor for myogenic genes, as well as genes involved in muscle
egeneration and protection against apoptosis (Madonna et al.,
008, 2013). AT-MSCs have been shown to contain a population
f adult multipotent mesenchymal stem cells with high cardiovas-
ular regenerative potential. AT-MSCs that co- express TERT and
YOCD are characterized by high endogenous levels of octamer-

inding transcription factor 4, MYOCD, myocyte-specific enhancer
actor 2c, and homeobox protein Nkx2.5, as well as decreased cell
eath both in the form of spontaneous cell death and Fas-induced
poptosis. Therefore, TERT and MYOCD may  act together to pro-
ect AT-MSCs from apoptosis and to enhance their cardiovascular

yogenic development (Madonna et al., 2008, 2013).
Thus, a crucial role of Notch and other pathways emerges from

hese discoveries. However, their considerable relevance might
e perturbed by evidencing that cellular senescence in the major
umber of these investigations, and precisely in cell culture experi-
ents, can be induced not effectively by biological ageing, but likely

y effects linked to extended cell cultures and passage number
hanges in muscle, cardiac or in any other type of cells. Conse-
uently, cellular senescence can be likely caused by cell culture
rtefacts, as consequences of abnormally high levels of O2 and mis-
atch between the cells and their niches. Confirmations by other

ype of investigation are, therefore, needed.

. Molecular features of Notch signaling pathway

In Caenorhabditis elegans,  Notch pathway is functionally redun-
ant, as it is encoded by the two genes, lin-2 and glp-1, encoding

or two different Notch proteins. The redundancy of Notch is due
o the fact that GLP-1 is able to substitute for LIN-12 in cell fate
ecisions. Unlike Drosophila, which has only one Notch protein,
ertebrates including mammals are characterized by redundancy
oo, as they have four genes encoding for four different inter-
hangeable Notch proteins. Notch protein is constituted by a
ingle-pass transmembrane protein of 300 kDa molecular weight
nd 2500 aminoacids, composed of functional extracellular (NECD),
ransmembrane (TM), and intracellular (NICD) domains and char-
cterized by two subunits called Epidermal Growth Factor (EGF)
nd Lin-Notch repeats (LNR) (Brown et al., 2000) (see details
escribed in Box 4).
Notch signaling is initiated when Notch receptors EGF and LNR
n the cell surface engage ligands presented in trans on oppos-

ng cells. Despite the expansive size of the Notch extracellular
omain, it has been demonstrated that EGF domains 11 and 12
activator or repressor function (Weng et al., 2006).

are the critical determinants for interactions with ligands. Addi-
tional studies have implicated regions outside of Notch EGF11-12
in ligand binding. For example, Notch EGF domain 8 plays a role
in selective recognition of ligands such as Serrate/Jagged, while
EGF domains 6–15 are required for maximal signaling upon ligand
stimulation. In mammalian signal-sending cells, members of the
Delta-like (DLL1, DLL3, DLL4) and the Jagged (JAG1, JAG2) families
serve as ligands for Notch signaling receptors. Upon ligand binding
to EGF, the NECD is cleaved away from the TM-NICD domain by
TACE (TNF-�  disintegrin and metalloprotease (ADAM) metallopro-
tease converting enzyme). This proteolysis of the Notch receptor
is in the ER and Golgi. This cleavage occurs through proteolysis
at the level of Tyr1605-Met1606 residues by the metalloproteinase
ADAMT. NECD is then endosome-transported to the plasma mem-
brane to enable ligand binding in a manner regulated by Deltex and
inhibited by NUMB. The processed receptor NECD remains bound
to the ligand and this complex is then endosome-transported to

the plasma membrane to enable ligand binding in a manner reg-
ulated by Deltex and inhibited by NUMB. NECD also undergoes
endocytosis/recycling within the signal-sending cell in a manner
dependent on ubiquitination by Mib. In the signal-receiving cell,
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Table 1
Target genes for Notch in mammals.

Target genes Cell function

CDKN1A, CFLAR (CASH), IL2RA, NFKB1 Apoptosis
CCND1, CDKN1A, IL2RA Regulators of cell cycle
CDKN1A, ERBB2, FOSL1, IL2RA Regulators of cell proliferation
DTX1, PPARG Regulators of cell differentiation
HES1, HEY1 Neurogenesis
DTX1, FOS, FOSL1, HES1, HEY1, NFKB1, Regulators of Transcription
NFKB2, NR4A2, PPARG, STAT6
CD44, CHUK, IFNG, IL17B, KRT1, LOR, Unspecified functions
MAP2K7, PDPK1, PTCRA
GLI1, GSK3B, SHH, SMO, SUFU Interaction with Sonic Hedgehog (Shh) Pathway
AES, AXIN1, CTNNB1, FZD1, FZD2, FZD3, Interaction with Wnt  receptor signaling pathway
FZD4, FZD6, FZD7, GSK3B, LRP5, TLE1,
WISP1, WNT11.

CCND1, cyclin D1; IL2RA, Interleukin-2 receptor alpha chain; ERBB2, v-erb-b2 erythroblastic leukemia viral oncogene homolog 2; FOSL1, FOS-like antigen 1; CDKN1A cyclin-
dependent kinase inhibitor 1; PPARG, Peroxisome proliferator-activated receptor gamma; HES1, hairy and enhancer of split-1; HEY1, Hairy/enhancer-of-split related with
YRPW  motif protein 1; NFKB1, nuclear factor KB 1; IFNG, interferon gamma; IL17B, interleukin b 17 beta; LOR, loricrin; SUFU, suppressor of fused; SHH, Sonic Hedgehog;
GSK3B,  glycogen synthase kinase 3B; GLI1, Gli activator 1; CTNNB1, beta catenin 1; FZD1, FZD2, FZD3, FZD4, FZD6, FZD7, frizzled genes;TLE1, transducin-like enhancer of
split  1; WISP1, WNT1 inducible signaling pathway; WNT11, Wingless-type MMTV.

Fig. 1. Canonical and noncanonical ligands for Notch and signaling trasduction. Upon ligand binding to canonical DSL (Delta, Serrate and Lag2) ligand family, the Notch
intracellular domain (NICD) is cleaved away by an A- Disentigrin-And-Metalloprotease (ADAM). NICD translocates to the nucleus, where it interacts with transcription factor
CSL  (CBF1, Su(H), LAG1) and co-activators to switch on the expression of the following canonical Notch target genes: Myc, p21, cyclin D3 and the HES-family members. Non
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anonical ligands lack a DSL domain and include GPI-linked membrane proteins (Co
GF-like). Legend: Skip, Ski-interacting protein; CIR, CBF1 interacting corepressor; 

eacetylase; KDM4A, lysine-specific demethylase 4A; EGF, endothelial growth facto

-secretase (also involved in AD) releases the NICD from the trans-
embrane domain TM.  NICD can enter the nucleus and start to

rchestrate changes in DNA-bound protein assemblies. In particu-
ar, NICD in the nucleus forms a complex with the nuclear protein
BF1/Su(H)/LAG-1 (CSL) transcription factor complex, resulting in
ubsequent activation of the canonical Notch target genes: Myc,
21, and the HES-family members. This bond prevents CSL to inter-
ct with several transcriptional co-repressor complexes, with the
esult that CSL becomes transcriptionally active. NICD/CSL complex
nteracts with co-activators of the Mastermind-like (MAML), which
s essential for the recruitment of the Histone acetyltransferases
HAT) protein p300. The HAT/Notch/CSL complex would acetylate

istones, increasing the likelihood for the formation of an open
hromatin and an active transcription complex. HAT/Notch/CSL
omplex is followed by up-regulation of downstream target
enes belonging to Hairy/Enhancer of Split (HES) family of basic
ns), Integral-membrane proteins (DNER), as well as secreted proteins (TSP, YB1 and
 Nuclear receptor co-repressor 2; SHARP, Sin3A-associated protein; HDAC, Histone
ER, Delta/Notch-like EGF-related receptor; TSP, thrombospondin.

helix-loop-helix transcriptional regulators (Wu  et al., 2000). Table 1
summarizes target genes identified to date.

4. “The paradigm on versatility of cell responses mediated”
by Notch pathway

As above mentioned, Notch signaling receptor pathway plays an
important role in normal embryonic development of all metazoan
species, by controlling a broad range of developmental processes,
including cell fate determination, proliferation, migration and
terminal differentiation. In addition, it has key functions in main-
taining stem cells in adult, as well as in regulating homeostasis of

all tissues (Fiúza and Arias, 2007). Surprisingly, current evidence
also sustains a key role of Notch pathway in the patho-physiology
of a large range of age-related diseases, from CVDs to AD (Carlson
et al., 2008a, 2008b; Talora et al., 2008; Alberi et al., 2013; Aquila
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Box 5: Non-canonical Notch ligands.
One possible explanation of the pleiotropic nature of Notch signaling is due to the detection of non canonical ligands. Unlike canonical

ligands, which share many  features, non canonical ligands are structurally diverse and include integral membrane, GIP-linked, and even
secreted proteins. One of the earliest described non-canonical ligands for Notch is Delta-like 1 (Dlk-1), also known as Pref-1, or FA-1,
whose predominant role is inhibiting adipogenesis. Other than the lack of a DSL domain, Dlk-1 is otherwise quite similar in structure to
other Delta-like proteins, as it is an integral membrane protein containing tandem EGF repeats in its extracellular domain. Moreover,
like Delta, Dlk-1 can be cleaved by ADAMs and is negatively regulated at the transcriptional level by Notch signaling. The preponderance
of evidence supports only cis-interactions between Dlk-1 and Notch, and in fact, Dlk-1 overexpression phenotypes are consistent with
Dlk-1 functioning only in cis-inhibition and not trans-activation of Notch signaling. Dlk-1 cis-inhibition may depend on the amount
of ADAM proteolysis, since an ADAM-resistant, membrane-bound form of Dlk-1 is more potent than wild-type or soluble forms at
blocking Notch signaling. This suggests that Dlk-1-mediated Notch antagonism may require low cellular ADAM activity, that favors
membrane-bound Dlk-1. High levels of Dlk-1 are also associated with loss of Notch target gene expression such as Hes-1 and E(spl)m�
in mammals and flies, respectively. The molecular basis of this antagonism is unclear, but it is possible that Dlk-1 binding to Notch
EGF 10–11 or EGF 12–13 may  compete with activating trans-DSL ligand that requires Notch EGF 11–12 to block binding and signaling.
However, direct binding of full-length Dlk-1 and Notch, either endogenously or ectopically expressed, has not been reported. Moreover,
there is conflicting data on whether Dlk-1-induced loss of Hes-1 expression directly involves Notch, since Hes-1 is regulated by more
than one signaling pathway. Another Delta-like protein is Delta/Notch-like EGF-related receptor (DNER), which is an integral membrane
protein containing extracellular tandem EGF repeats but lacking a DSL domain. Despite the absence of a DSL domain, DNER binds
Notch when presented in trans and can activate a CSL reporter in cells co-cultured with DNER-expressing cells. Both in vitro and in vivo
studies support DNER’s function as a trans-ligand to effect glial morphological changes through activation of Notch. DNER does not
affect the number of glial cells present in vivo, suggesting that its effect is limited to later stages of differentiation and not early cell
fate decisions. DNER is expressed in Purkinje cells, where it is available to activate Notch in the adjacent Bergmann glia, and indeed
DNER mutant mice show morphological defects in Bergmann glia. Soluble DNER (DNER-Fc) can also affect Bergmann glia morphology
in vitro in a �-secretase-dependent, but CSL-independent manner, suggesting that Notch proteolysis plays a role in this process, but
not to generate a transcriptional co-activator for CSL proteins. Instead of CSL, the E3 ubiquitin ligase Deltex has been implicated as
an alternative downstream effector of Notch through in vitro studies in which a dominant-negative form of Deltex blocked the DNER-
induced morphological changes. Deltex can bind directly to the Notch intracellular domain, and mediate a trimeric complex between
itself, full-length Notch, and �-arrestin, making it possible that Notch could activate signaling through �-arrestin that would require
Deltex but not CSL. One caveat of DNER function as a non-canonical ligand is that its effects have not been formally shown to require
Notch receptor expression in Bergmann glia. Recently, a putative DSL ligand-like protein called Jagged and Delta protein (Jedi) was
reported based on sequence data. However, upon closer examination, the putative DSL and EGF repeats of Jedi do not contain the
conserved cysteine spacing common to either the signature motif of canonical ligands or EGF repeats that are also present in DNER
and Dlk-1. Instead, the Jedi extracellular domain contains an N-terminal emilin domain followed by multiple tandem repeats of an
8-cysteine variation of the EGF domain interspersed with two single 6-cysteine EGF repeats. In fact, Jedi has neither trans-activating
nor cis-inhibitory activity, and has not been reported to interact with any of the Notch receptors. Although soluble Jedi added to Notch-
expressing cells weakly inhibits a Notch reporter, there is currently no strong evidence linking Jedi to Notch signaling. Structurally
distinct from the integral membrane non-canonical ligands are F3/contactin1 and NB3/contactin6, that encode GPI-linked neural cell
adhesion molecules. Both contactins have been reported to activate Notch signaling to induce oligodendrocyte (OL) differentiation.
Binding and fractionation studies indicated that either contactin could interact with Notch in trans, although cis interactions cannot be
ruled out since both endogenous F3 and NB3 co-immunoprecipitate with Notch (and vice versa). Both contactins interact with Notch
EGF repeats distal to the DSL binding site, while only F3 can interact with Notch EGF repeats 1–13, which contain the DSL ligand-
binding site at EGF 11–12. While this interaction makes it possible that F3 competes for the DSL ligand-binding site, further studies will
be required to determine whether the F3 and DSL binding sites actually overlap. Similar to DSL ligand treatment, adding soluble forms
of either contactin to OL cells produces NICD in a �-secretase-dependent fashion, which can translocate to the nucleus for signaling.
However, downstream of NICD generation, contactin-based signaling does not appear to involve CSL. F3-Notch signaling does not
activate Hes-1 transcription, and there are no reports on the ability of NB3 to activate canonical CSL-induced Notch signaling. Instead
of CSL, the contactins both induce Notch signaling that involves Deltex to induce glial maturation. An interesting dichotomy is raised
in these in vitro assays in which the same cells (and presumably the same Notch receptors) differentiate in response to contactins and
remain progenitors in response to DSL ligand or NICD expression. It is thought that temporal regulation of DSL ligand and contactin
expression may  regulate in vivo which effect takes precedent as DSL ligands are expressed early in embryonic development while
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contactins are highly expressed only after birth. Therefore, like D
differentiation as opposed to DSL ligands that can impact early c

t al., 2013). This denotes its capacity to mediate a multitude of
ellular responses and pleiotropic effects, which certainly reflect
ot only the complexity and fundamental features of this pathway.
otch pathway shows, indeed, the following features: (i) a relatively

imple structure constituted by a limited number of obligatory compo-
ents, organized to form a core pathway (Mumm  and Kopan, 2000;
orggrefe and Oswald, 2009); (ii) the major number of its actions
re evocated and only mediated by the five canonical ligands, which
nusually are also transmembrane proteins (D’Souza et al., 2008);
iii) the intracellular transduction of the Notch signal is remarkably
imple, with no secondary messengers; and (iv) the identification of
on-canonical ligands has recently expanded the repertoire of ligands

eported to activate signaling (D’Souza et al., 2010) (see Boxes Box

 and Box 5; and Fig. 1). Thus, such function ‘s versatility probably
omes from other factors. Among the potential candidates, extrin-
, the contactins appear to utilize Notch to effect changes late in
te decisions (as reviewed in D’Souza et al., 2008, 2010).

sic and intrinsic mechanisms seem the most plausible, modulating
the Notch signaling and likely contributing to the versatile output.
Accordingly, in 2006, Bray underlined for the first time that “Notch
is a simple pathway, but it becomes complex in its actions” (Bray,
2006). Co-temporally, Bray and other researchers suggested that
several mechanisms can modulate the activity of the Notch path-
way in a positive or negative manner (as reviewed in Bray, 2006;
Poellinger and Lendahl, 2008; Fior and Henrique, 2009; Borggrefe
and Oswald, 2009; Wang et al., 2015). However, how they are inte-
grated to regulate the temporal, spatial and directional aspects of
cell fate decision is still not completely understood.

In following paragraphs, some relevant aspects emerged by

these studies will be pointed, before discussing about potential
Notch mechanisms, which are most probably associated with age-
related diseases. Advances in understanding this cascade are highly
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elevant, not only for basic science, but also for clinicians, since
hey offer a concrete potential in developing therapeutic strategies
o counteract alterations in Notch signaling, and consequently to
etard or delay age-related diseases.

.1. Notch pathway as rheostat

The most acceptable opinion about Notch signaling is that it
unctions as a rheostat, which can be adjusted to produce differ-
nt intensities in the signaling output. In particular, the intensity
f signaling output mediated by Notch pathway can derive by the
iverse density of expression of tissue-specific ligands, or by vary-

ng levels of Notch pathway. As a consequence, Notch can influence
he fate and decision of a variety of cell types, and it can contribute
o tissue patterning and morphogenesis by affecting cell differenti-
tion, proliferation, survival and apoptosis. On the other hand, this
oncept is confirmed by the findings of studies on lymphoid dif-
erentiation performed by group of Bernstein. Thus, the density of
otch ligands associated or not with the different Notch expression

evels in different tissues, organs and systems may  be an important
eterminant in regulating cell-fate outcomes (Delaney et al., 2005).
o-temporally, this evidence underlines another critical point, that
erturbations in intensity of levels of activation Notch signaling
ay  result in the evocation of disease (as above mentioned). For

xample, defects in Notch ligands are associated with Alagille syn-
rome, spondylocostal dysostosis, cerebral autosomal dominant
rteriopathy, while an aberrant ligand Notch expression is detected
n several cancers (see Boxes 2 and 3). Likewise, mutations on
otch genes are related to the spectrum of alterations regarding
ngiogenesis, vascular development and aortic valve anomalies (i.e.
icuspid aortic valve) (Garg et al., 2005; Niessen and Karsan, 2008)
see Box 2).

.2. The regulation of notch signaling rheostat is
cell-context-dependent” and mediated by several mechanisms

Researchers involved in the Notch studies often get out of
omplicated discussions on the paradigm of versatility of cell
esponses mediated by using a common expression or saying: “but
f course, this aspect of Notch signaling is cell-context-dependent”.
t is important to reinforce that this is not always just a hand-

aving explanation, and that Notch, indeed, elicits very different
esponses, depending on the cellular context. It is, therefore, impor-
ant to understand how Notch signaling is tuned-up, both in the
ormal development and diseased conditions. It has been demon-
trated that Notch is regulated by multiple mechanisms. At first,
otch controls a much larger number of genes in a direct manner

han the few Hes/Hey genes initially proposed (Monastirioti et al.,
010) (see Table 1.). For example, a large set of transcription factors
re regulated in a cell-context specific way along with the canon-
cal Hes/Hey genes, but also in parallel with the b-HLH protein of
he Id family, which can block the activity of other b-HLH proteins
as summarized in Wang et al., 2015). Since Hes/Hey proteins can
lock lineage specific transcription factors, the Id proteins, in turn,
an inhibit Hes/Hey proteins. This is a good example of an inco-
erent logic network, as proposed by the Bray group (see above).
ere, Notch signaling results in an ambiguity of the outcome, since
ifferent targets block each other, leaving the network in a poised
tate. Thus, the intrinsic or extrinsic cell-context, also influenced
y other signaling pathways, could be the decisive factor to swing
o one or the other side of a decision. On the other hand, the group
f Borggrefe has recently described in an exhaustive manner the

rosstalk of Notch pathway with other evolutionally conserved sig-
aling pathways, like the Wnt, Hedgehog, hypoxia and TGF�/BMP
athways, which can affect Notch signaling output (Borggrefe et al.,
016). This regulation can happen by controlling ligand, receptor
ch Reviews 29 (2016) 50–65

or transcription factor expression, regulating the protein stabil-
ity of intracellular key components, usage of the same cofactors
or co-regulation of the same key target genes (as summarized in
Borggrefe et al., 2016).

In addition, Melino s’ group has demonstrated that, acting as a
key molecule in embryonic development, p63, the most ancient
member of the p53 family of transcription factors (Yang et al.,
1998), can regulate components of Notch pathway through the
direct transcriptional induction of Jag1 and Jag2 during epidermal
differentiation or thymic development (Candi et al., 2007; Terrinoni
et al., 2013). Co-temporally, the same group also evidenced that C-
promoter binding factor-1 (CBF-1)-dependent gene transcription
driven by the Notch-1 intracellular domain (N1(ICD)), is potently
antagonized by exogenously expressed trans-activating (TA) p73
splice variants in SH-SY5Y neuroblastomas and in primary neu-
rones. Time course analyses have also shown that the inhibitory
effects of TAp73 are direct and not mediated via the product of
a downstream target gene. Thus, endogenous TAp73 stabilized
by either c-Abl or cisplatin treatment, also potently antago-
nized N1(ICD)/CBF-1-dependent gene transcription. Furthermore,
western blotting revealed that exogenous TAp73 suppressed
endogenous hairy and enhancer of split-1 (HES-1) protein lev-
els and antagonized the increase in HES-1 protein induced by
exogenous N1(ICD) expression. Evidence of a direct physical inter-
action between N1(ICD) and TAp73alpha has been demonstrated by
performing co-immune-precipitation. Using Notch deletion con-
structs, Melino and coworkers demonstrated that TAp73alpha
binds the N1(ICD) in a region C-terminal of aa 2094. Interest-
ingly, DeltaNp73alpha and TAp73alpha(R292H) also co-purified
with N1(ICD), but neither inhibited N1(ICD)/CBF-1-dependent
transcription. This suggests that an intact trans-activation (TA)
domain and the ability to bind DNA are necessary for TAp73
to antagonize Notch signalling. Finally, TAp73alpha reversed the
N1(ICD)-mediated repression of retinoic acid-induced differentia-
tion of SH-SY5Y neuroblastomas, providing functional evidence for
an inhibitory effect of TAp73alpha on Notch signaling.

Based on these relevant observations, which denote as Notch
pathway mediates several functions by cross-acting with other
conserved signaling pathways, we  will illustrate, in the next
paragraphs, the emerging evidence accumulated during the last
years about the crosstalk of Notch pathway with the crucial
innate/inflammatory pathways, recognized to have a role of hub in
the complex patho-physiology of age-related diseases. For facilitat-
ing its comprehension, it firstly will report a brief description about
ageing as the greatest risk factor for the development of age-related
diseases.

5. Ageing as the key driver of both age-related
inflammation and the development of age-related diseases:
focus on a large complex network of pathways. Notch
pathway included?

Ageing is a complex process, induced by an intricate interaction
of genetic, epigenetic, stochastic and environmental factors. They
determine the lost of molecular fidelity followed by an improved
entropy (Hayflick, 2007). As result, loss of complexity and random
accumulation of damages (i.e. particularly damages to nuclear
and mitochondrial DNA) at cellular, tissue, organ levels and/or of
whole body arise. Thus, it establishes a condition, which modifies
both architecture and functioning of physiological processes
and regulatory (immune and endocrine) systems (Salminen and

Kaarniranta, 2010). This determines a deterioration of the homeo-
stasis. Accordingly, it becomes more easily vulnerable to internal
and external stressors, frailty, disability and disease. In particu-
lar, host defence evocates, as response of damage, the vigorous
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ctivation and participation of a complex inflammatory net-
ork (Vasto et al., 2007), which determine catastrophic

nnate/inflammatory reactions, responsible of massive release
f so-called senescence associated secretory phenotype (SASP),
epresented by a myriad of factors, such as the pro-inflammatory

ediators (revised in Balistreri et al., 2013). In turn, SASP, which
ccurs in several cells (i.e. fibroblasts, epithelial cells, ECs, astro-
ytes, preadipocytes, and leukocytes as well as in post-mitotic
ells) creates and feeds a low chronic grade of inflammation, called
inflamm-aging”, by improving both entropic ageing process and
nset risk for age-related degenerative diseases, as well postulated
or the first time by Franceschi in 2000 (Franceschi et al., 2000).
hus, the persistence of stimuli, including immune insults, external
nd internal danger signals associated with senescence and ageing
rocess (i.e. oxidative and genotoxic stress and tissue injuries), and
he consequent “chronic sterile inflammation” without pathogens
redispose individuals to various age-related diseases (Chung
t al., 2009). For example, the pro-inflammatory SASP of senescent
C cells has been proposed to contribute to CVDs, by initiating
nd fuelling the development of atherosclerotic lesions, but also
he vascular remodeling and medial degeneration associated with
ther pathological conditions, i.e. aneurysms (as summarized in
vadya and Krizhanovsky, 2014; Balistreri, 2015). In addition, the
xpression of a SASP by astrocytes, documented both in cells that
ere made senescent in culture as well as cells that were isolated

rom aged brain tissue, has been suggested to initiate or contribute
o neuroinflammation, responsible of many neurodegenerative
iseases, such as AD, causing or exacerbating age-related decline

n both cognitive and motor function (as summarized in Campisi
t al., 2011; Ovadya and Krizhanovsky, 2014).

As above mentioned, both SASP and the chronic sterile inflam-
ation are the result of the activation and participation of a

omplex inflammatory network (as summarized in Vasto et al.,
007; Balistreri et al., 2013). Namely, several recognition pathways,

.e. Toll-like receptors (TLRs) and inflammasome, as well as dif-
erent upstream kinase cascades, via canonical or non-canonical
athways, are involved, and all linked to the nuclear factor (NF)-�B
athway (as summarized in Balistreri et al., 2013). Among these,
he TLR-4, one of the best understood TLR members, is able to rec-
gnize pathogen-associated molecular patterns (PAMPs) (e.g. the

ipopolysaccharide, LPS), but also endogenous danger molecules,
he DAMPs, such as heat-shock proteins (HSPs), hyaluronic acid,
-defensin-2, oxidized-LDL (ox-LDL), fibronectin, and amyloid pep-

ide (Balistreri et al., 2009). In addition, it has been demonstrated
 key role of TLR-4 in the pathogenesis of several age-related dis-
ases (as summarized in Balistreri et al., 2009). Accordingly, intense
nvestigations from our research group on inflammation and age-
elated diseases (i.e. CVDs, AD, diabetes and prostate cancer) led to
btain relevant data gathered for over 10 years, which suggest the
ey involvement of an intricate network of innate/inflammatory
athways in their complex patho-physiology (as summarized in
asto et al., 2007; Balistreri et al., 2009). In this network, our data
uggest the role of TLR-4 as hub (as summarized in Balistreri et al.,
009). Such findings have been recently confirmed by our group

n another setting of age-related disease, such as sporadic thoracic
ortic aneurysm (Ruvolo et al., 2014; Balistreri, 2015).

New recent insights and advances in the research on Notch path-
ay are suggesting its significant role even in the onset of several

ge-related diseases, from CVDs to AD (Carlson et al., 2008a, 2008b;
alora et al., 2008; Alberi et al., 2013; Aquila et al., 2013). However,
he mechanisms involved in such role of Notch pathway remain
oorly understood, even if confirmations and suggestions, from

oth animal and human studies, on its key role continue to increase.

As regards, our speculation is that their identification might
erive by considering a fundamental event, which characterizes
oth the alteration of homeostasis of the tissues, organs, systems
ch Reviews 29 (2016) 50–65 57

of the human body, as well as the changes associated with the
inevitable ageing process and the onset of age-related diseases.
Such event is represented by the macrophage phenotypic switch,
from M2 to M1,  and vice versa, discovered by Mantovani s’ group
(Sica and Mantovani, 2012). As well documented, it may  be fol-
lowed or not by the participation of other inflammatory cell types,
such as T and B lymphocytes, which may  have roles in the pathogen-
esis of inflammation and onset of age-related diseases, such as CVDs
(as summarized in Vu et al., 2016). Accordingly, monocytes released
from bone marrow into the circulation migrate into tissues of the
body, where they differentiate into mature macrophages, includ-
ing liver kupffer cells, brain microglia, lung alveolar macrophages,
peritoneal macrophages, adipose tissue macrophages and bone
osteoclasts, and EC cells (Perdiguero and Geissmann, 2015). Here,
they have long been held to be served as potent immune effec-
tor cells with well established roles in both the tissue homeostasis
and lesions, e.g. they promote inflammation, tissue remodeling (e.g.
vascular remodeling), angiogenesis, tumour immunity and conse-
quent progression of tissue injury observed in various age-related
diseases, i.e. CVDs. Several lines of evidence have now revealed that
the heterogeneity and plasticity of these conditions are hallmarks of
macrophages (Gordon et al., 2014; London et al., 2013). In response
to PAMPs and self-local environment-derived stimuli (DAMPs) in
a generally TLRs (and particularly TLR-4 mediated) and NF-�B-
dependent fashion, macrophages can assume a spectrum of states
ranging from classically activated M1 inflammatory macrophages,
to various alternatively activated M2  macrophages, involved in
immune regulation and tissue repair (Sica and Mantovani, 2012).
M1  macrophages are characterized by production of inflamma-
tory mediators, such as IL-12 and inducible nitric oxide synthase
(iNOS), in response to PAMPs or DAMPs-mediated activation of
TLRs and cytokines, such as interferon-� (IFN-�). In contrast, M2
macrophages (induced by IL4/IL13 (M2a), immune complex (M2b),
and the anti-inflammatory cytokines IL-10 or transforming growth
factor-� (M2c)), express less inflammatory mediators and play a
key role in wound healing, host defence against helminths, and
resolution of inflammation. Thus, the specifically microenviron-
mental factors shape macrophage properties and activation state,
regulating the phenotypic and functional dynamic switch, which
represents different extremes of a continuum ranging from M1  to
M2  (Sica and Mantovani, 2012).

Noticeably, mounting evidence from a number of different stud-
ies in vivo and in vitro has generally indicated that identifying the
activated states of macrophages and targeting the macrophage
polarization from M1  to M2  or vice versa, might be served as
novel diagnostic or therapeutic strategies for multiple age-related
diseases. This interest is leading to identify the cellular signal-
ing pathways involved, such as the Notch pathway. Here, we will
describe the role of Notch pathway in monocyte/macrophage cells,
their activation through the cooperation or not with TLR pathway,
functions and polarization.

5.1. Notch in monocyte/macrophage cells, activation and
functions: its cooperation with TLR and NF-�B pathways

It is well documented the role of Notch pathway and their
ligands in regulating multiple steps of T and B cell development
in both central and peripheral lymphoid organs (as summarised
in Cruickshank and Ulgiati, 2010; and in Amsen et al., 2015).
Less is known about the role of Notch pathway in regulating
myeloid development and function, especially in the context of
acute and chronic inflammation. However, recent progresses have

firstly demonstrated that Notch pathway is involved in this pro-
cess, even if there are discrepancies in mechanisms involved (Bigas
and Espinosa, 2012). In particular, early studies using myeloid
cell lines showed that forced Notch-1 or Notch-2 activation could
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nhibit myeloid differentiation in a cytokine-dependent manner
Milner et al., 1996; Bigas et al., 1998), likely through expres-
ion of Gata2 (Kumano et al., 2001). A similar result was recently
eported by using isolated KSL population co-cultured on an OP9
tromal cell line expressing Delta1 (de Pooter et al., 2006). In
pparent contradiction with in vitro data, the analysis of different
onditionally-targeted Notch alleles showed that Notch activity is
nly required for T and B lymphoid differentiation in vivo (Radtke
t al., 1999). Nevertheless, it has recently been reported that mice
efective in the FX protein, that converts the GDP-mannose to
DP-fucose, which is required for Fringe-dependent glycosyla-

ion of Notch signaling, develop a myeloproliferative disease. This
henotype has been attributed to a defect in the Notch pathway
ince fucosylation-deficient myeloid progenitors were not able to
espond to Notch-ligands and failed to differentiate compared to
he wild type cells (Zhou et al., 2008). Together, these results sug-
est that Notch is dispensable for myeloid cell generation but its
ctivity is required for the maintenance of myeloid homeostasis in
ivo.

Besides its role in myeloid differentiation, an increasing evi-
ence is supporting a role of Notch pathway in regulating
ctivation and function of terminally differentiated myeloid cells.
acrophages and dendritic cells (DCs) constitutively express Notch

igands and receptors, as well as a variety of pattern recogni-
ion receptors (PRRs) including TLRs, with a modulation evocated
hrough several mechanisms. One of these mechanisms is medi-
ted by TLRs, which modulate Notch signaling, by inducing Notch
eceptor and ligand expression. There is large evidence that activa-
ion of macrophages and DCs with TLR ligands leads to induction
f Notch receptors and ligands, including Jagged 1, Dll1, Dll4
Amsen et al., 2004; Fung et al., 2007; Foldi et al., 2010; Monsalve
t al., 2006; Monsalve et al., 2009; Palaga et al., 2008; Zhang
t al., 2012). For example, it has been demonstrated that Dll4
even if considered as an endothelial cell-specific Notch ligand)
xpression increased in macrophages exposed to pro-inflammatory
timuli such as LPS, IL-1�, or minimally modified low-density
ipoprotein (LDL) in TLR-4-NF-�B manner. In addition, it has been
lso demonstrated that Dll4 expression is crucial for triggering
otch proteolysis and activation, leading to the induction of pro-

nflammatory molecules and pathway such as the typical M1 gene
NOS, mitogen −activated protein kinase, Akt and NF-�B. Further-

ore, Dll4 ligation to macrophages promoted the expression of
ll4 itself. These findings led to hypothesize that Dll4 —Notch

ignaling mediates inflammatory responses by accelerating a pos-
tive feedback loop of macrophage activation, leading to onset
o atherosclerotic vascular diseases, metabolic disorders or other
nflammatory diseases (Shang et al., 2016).

Thus, a cooperation between TLR and Notch is required for an
ptimal activation of macrophages. To confirmation of such sug-
estion, an intense work from a number of laboratories suggested
hat the activation of Notch target genes is a common feature
f TLR responses and can occur via two non mutually exclusive
echanisms, direct activation by acute TLR signaling and indi-

ect activation secondary to Notch receptor and ligand induction.
ccordingly, Hu s’ group observed that activation of Notch tar-
et genes, such as Hes1 and Hey1, can be directly induced by TLR
timulation (Hu et al., 2008). However, the signals and molecules
nvolved remain to be identified.

Another mechanism regulating Notch signaling in myeloid
ells and other cell types seems to be linked to inflamma-
ory cytokines, such as TNF-� and IL-1�. For example, under
ncontrolled inflammation, TNF-� induces Notch-1 and Notch-
 expression on synovial fibroblasts (Ando et al., 2003). Another
xample of Notch expression mediated by TNF-� is observed in

 mouse pancreatic cancer model, as demonstrated Maniati and
ollegues in 2011(Maniati et al., 2011). It has been reported that
ch Reviews 29 (2016) 50–65

IL-1� induces Notch targets expression in chondrocytes, by induc-
ing Notch-1 activation with a similar action of TNF-� (Ottaviani
et al., 2010). In addition of pro-inflammatory cytokines, TGF-�
has also been shown to directly induce Hes 1 expression. IFN-�
functions as a negative regulator of Notch activation. In human
macrophages, it has been demonstrated that Hes1- and Hey1
expression was  abrogated by IFN-�, which blocked TLR-induced
activation of canonical Notch target genes by inhibiting Notch-2
signaling and downstream transcription. These findings identify
new immune functions for RBP-J, Hes, and Hey proteins and pro-
vide insights into mechanisms by which Notch, TLR, and IFN-�
signals are integrated to modulate specific effector functions in
macrophages (Hu et al., 2008).

In summary, Notch target gene expression can be activated in
myeloid cells by a wide array of inflammatory stimuli, including
TLR ligands and cytokines. In addition, the logic pathway involved
in the activation of Notch target genes is NF-�B signaling, as demon-
strated in many systems as cancer (Espinosa et al., 2010). Moreover,
another pathway is the mitogen-activated protein kinases (MAPKs)
(Hu et al., 2008). In addition, three mechanisms seem to be
involved: (i) transcription factor cooperation orchestrated by NICD
that can directly interact with NF-�B subunits and promotes tran-
scription (Osipo et al., 2008); (ii) release of inhibitory molecules: an
example is given from resting cells inhibitor of NF-�B (I�B), which
typically sequesters NF-�B in cytoplasm. It has been found to be
present at the promoter regions of Hes1. Interestingly, TNF-induced
Hes1 expression is thought to be associated with dismissal of I�B�
from the Hes1 promoter (Aguilera et al., 2004); and (iii) chromatin
modification: TNF and TLR ligand-induced Hes1 gene transcription
has been associated with upregulation of positive histone marks,
such as serine 10 phosphorylation and K14 acetylation of histone
H3 at the Hes1 promoter (Aguilera et al., 2004; Hu et al., 2008;
Maniati et al., 2011). Both IKKs and MAPKs have been implicated
in mediating inflammatory signaling-induced chromatin modifica-
tions at the Notch target gene loci (Hu et al., 2008; Zeng et al., 2005;
Aguilera et al., 2004). Taken together, NF-�B and MAPK signaling
pathways appear to play a critical role in mediating Notch target
gene activation by inflammatory stimuli.

5.2. Notch in their polarization and potential mechanisms
associated

In the induction of inflammatory conditions, macrophages het-
erogeneity and plasticity are typical features, which lead to a gene
expression for a determined phenotype and a consequent change
of effector functions. Despite accumulating in vitro evidence and
its large impact, in vivo mechanisms remain incompletely under-
stood. Recent progresses have been achieved. Indeed, the Fukuda
group has explored the role of Dll4-mediated Notch signaling in
macrophage activation, since this Notch ligand is expressed on EC
cells and endothelial dysfunction is correlated to its expression. To
this aim, they assessed monocyte/macrophage polarization using
antibody Dll4 treatment and stromal vascular fraction obtained
from epididymal fat. The results obtained demonstrated that
Dll4-mediated Notch signaling induces a macrophage polariza-
tion toward a proinflammatory phenotype (Fukuda et al., 2012).
Similarly, the group of Pabois demonstrated the same role of Dll4-
mediated Notch signaling using as model the antibody-mediated
rejection (AMR) of the cardiac allograft (Pabois et al., 2016). They
investigated the mechanisms underlying vascular and inflamma-
tory cell network involved in AMR  at endothelial and macrophage
levels, using endomyocardial transplant biopsies and EC/monocyte

cocultures. First, they observed that AMR  associates with changes
in Notch signaling at endothelium/monocyte interface including
loss of endothelial Notch4 and the acquisition of the Notch lig-
and Dll4 in both cell types. They also showed that endothelial
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Fig. 2. Notch pathway in the macrophage phenotype polarization. Macrophage
polarization is a process that is driven by stimuli of the surrounding microen-
vironment, including cytokines, lipoproteins, growth factors and bacterial
lipopolysaccharide (LPS). LPS in particular activates M1  macrophage polarization
by inducing toll like receptor (TLR)-4, which, in turn, can activate the nuclear fac-
tor  �В (NF-�В) pathway. This leads to the production of nitric-oxide (NO) through
inducible NO synthase (iNOS). Activation of Notch results in M2  macrophage polar-
ization, through the binding of the Notch intracellular domain (NCID) to the DNA
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inding protein immunoglobin kappa J (RBP-J), which controls the expression of
L-12 and iNOS. The M2  macrophage polarization is involved in the resolution of
nflammation, angiogenesis and tissue remodeling.

ll4 induces macrophage polarization into a pro-inflammatory
ate (CD40highCD64highCD200Rlow HLA-DRlowCD11blow), eliciting
he production of IL-6. Dll4 and IL-6 are both Notch-dependent and
re required for macrophage polarization through selective down
nd upregulation of M2-  and M1-type markers, respectively. These
nteresting data underline another relevant aspect the cross-talking
etween ECs and monocytes/macrophages in evocating inflamma-
ion and endothelial dysfunction (see below).

Recently, Foldi and colleagues have also observed that RBP-
, a DNA-binding protein that integrates signals from multiple
athways including the Notch pathway, is critically involved in
olarization of M2  macrophages. Mice deficient in RBP-J in the
yeloid compartment exhibited impaired M2  phenotypes in vivo

n a chitin-induced model of M2  polarization. Consistent with
he in vivo findings, M2  polarization was partially compromised
n vitro in Rbpj-deficient macrophages as demonstrated by reduced
xpression of a subset of M2  effector molecules including arginase
. Functionally, myeloid Rbpj deficiency impaired M2  effector func-
ions including recruitment of eosinophils and suppression of T cell
roliferation. Collectively, they have identified RBP-J as an essential
egulator of differentiation and function of alternatively activated

acrophages (Foldi et al., 2016) (see Fig. 2).

. Notch pathway in context of cardiovascular
nflammatory conditions related to onset of CVDs, and
ther age-related diseases

As discussed in the introductory s’ section, endothelium dys-
unction is the first pathological condition associated not only

ith all CVDs, but also with other age-related diseases, being the
Cs components of the stroma of all tissues and organs. Thus, in
his section, we will stress the role of Notch pathway in the con-
ext of cardiovascular inflammatory conditions. On the other hand,
he observations, above reported, seem to show a central role of
his pathway in their evocation. Furthermore, recent data suggest

hat it actively participates in dynamic communication and cellu-
ar cooperation between innate immunity/inflammatory system,
ascular and cardiac cells during both health and pathological con-
itions. Thus, Notch pathway is not only involved in blood vessel
ch Reviews 29 (2016) 50–65 59

formation, but also in the onset of inflammatory age-related dis-
eases, such as CVDs. This is confirmed by the expression, in vascular
and cardiac cells, of all Notch family members, including ligands
(Rizzo et al., 2015) (see Fig. 3 A). Here, they are expressed at
the basal level with a specific expression pattern in ECs, vascular
smooth muscle cells (VSMCs) and fibroblasts. Notch members are
also constitutively expressed, as above described, on macrophages
and DCs, having a well recognized role in both vascular function
and inflammation responses. Expression of Notch molecules corre-
lates with a constitutive activation of Notch pathway (as described
above), as reflected by effector hes/hey gene expression and CBF-1
reporter assays (Ando et al.,2003).

In case of age-related inflammatory CVDs, a key role of Notch
pathway has been also underlined (see Fig. 3B). An example is given
by large-vessel vasculitis. In this pathological condition, it has been
demonstrated that Notch pathway blocks Jag1-Fc or acts through
the activation of a �-secretase inhibitor. This determines immuno-
suppressive effects, including reduction of T-cell infiltration and
proliferation. As result, Th1 and Th17 responses are attenuated
through the reduction of IFN� and IL17 production in tissue, respec-
tively (Piggot et al., 2011). In addition, it has been also observed
that Notch pathway has a role in limiting inflammatory condition,
by inducing the release of IL-10 by T-cells via Dll4 presentation on
plasmacytoid dendritic cells (pDCs) (Kassner et al., 2010).

Other studies have suggested a crucial role of Notch path-
way during atherosclerosis evocation. In particular, Outtz and
colleagues recently evidenced, that Notch-1 partial deletion
(Notch1+/− hemizygous mice) induces a decrease in the recruit-
ment of macrophages at the site of vascular injury associated with
an impaired production of TNF-� in the wound, when compared to
wild-type controls. Macrophages isolated from Notch-1+/− indi-
viduals produce and release reduced levels of pro-inflammatory
cytokines (TNF, IL6, IL12) and chemokines (CXCL10, CCL2) in
response to IFN�, when compared with Notch-1+/+ derived cells
(Outtz et al., 2010). By determining constitutive activation of Notch-
1 in macrophages, it has been also observed an increased induction
of IRF-1 (interferon regulatory factor 1), SOCS1 (suppressor of
cytokine signaling-1), ICAM1 (intercellular adhesion molecule-1)
and MHC-II (major histocompatibility complex, class II) by IFN�,
and a reduction of NO (nitric oxide) production (Monsalve et al.,
2006). Interestingly, it has been also observed that Dll4 reduces the
production of the IL8 chemokine in response to ischemia or TNF-
�, and selectively induces the expression of inflammatory genes,
such as iNOS, pentraxin 3 and Id1 (Fung et al., 2007; Al Haj Zen
et al., 2010).

Thus, the data of these studies suggest that Notch pathway
in macrophages seems to participate and favor pro-inflammatory
responses by releasing more cytokines and chemokines, likely
through Notch-1 and Notch-3 activation. Co-temporally, they also
evidence that in EC cells, Notch-4, (the typical Notch pathway
of EC cells and not of macrophages) evocates anti-inflammatory
functions, by reducing the TNF-mediated induction of vascular
cell adhesion molecule-1 (VCAM-1), involved in the recruitment
of immune cells to inflammatory sites (Quillard et al., 2010).
Recently, Briot and cowokers also proposed that Notch-1 can
function as an antagonist of EC activation. In particular, they
have observed that Notch-1 was constitutively expressed by adult
arterial endothelium, but its levels significantly decreased in high-
fat diet condition. Furthermore, treatment of human aortic ECs
(HAECs) with inflammatory lipids and proinflammatory cytokines
(TNF and IL1�) reduced Notch-1 expression and signaling in vitro
through a mechanism, requiring STAT3 activation. In addition,

the decrease of Notch-1 in HAECs induced by siRNA action, and
in the absence of inflammatory lipids or cytokines, augmented
inflammatory molecules and the binding of monocytes. Interest-
ingly, the reduction of Notch-1 was also associated with a genetic
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Fig. 3. (A–C): in (A), Notch members in the cells of vascular wall. Notch mem-
bers are expressed on all cardiovascular cells. In particular, Notch 1, 2, and
4  are expressed on EC cells, by modulating their proliferation, apoptosis and
activation in a precise microenvironment context. On VSMCs, Notch 1 and 3
are expressed, by controlling their proliferation and apoptosis. In (B), Notch
pathway in cardiovascular inflammatory conditions. Notch pathway expressed
on cardiovascular and inflammatory/innate cells in inflammatory conditions has
several implications on these cells, altering cell activation, recruitment, differen-
tiation, proliferation, migration and/or apoptosis, tissue repair and regeneration.
In  addition, it modulates the dynamic communication and cellular cooperation
between innate immunity/inflammatory cells and vascular and cardiac cells. This
determines of a serial of events which characterizes the onset of inflammatory
CVDs, including atherosclerosis. In (C), Cross-talks between Notch and inflammatory
ch Reviews 29 (2016) 50–65

variant previously correlated to high-density lipoprotein in a
human genome-wide association study. Based on these findings,
they proposed that reduction of endothelial Notch-1 is a predis-
posing factor in the onset of vascular inflammation and initiation
of atherosclerosis (Briot et al., 2015).

Furthermore, it has been described that during onset of chronic
age-related inflammatory CVDs (i.e. atherosclerosis and its compli-
cations, such as MI), Notch pathway is also involved in controlling
the phenotypic changes of cardiovascular cells. Accordingly, there
is a typical accumulation of VSMC/mesenchymal-like cells in these
pathological conditions, which exhibit low contractility and high
capacity to proliferate and migrate from the media to the neoin-
tima. These cells are derived from resident cells and/or circulating
progenitor cells. The Notch pathway is strongly involved in cell fate
control and, therefore, stands as a potentially important player in
pathological remodeling processes (Fiúza and Arias, 2007). Notch
controls both the differentiation and the phenotypes of vascular
cells. In particular, in deregulated EC cells the activation of Notch-4
determine loss of endothelial markers (i.e. vascular endothelial-
cadherin, Tie1, Tie2, platelet-endothelial cell adhesion molecule-1
and endothelial NO synthase), and the expression of mesenchymal
markers (alpha-smooth muscle actin, fibronectin and platelet-
derived growth factor receptors), followed by migration toward
platelet-derived growth factor-BB. Similarly, Jag1 stimulation also
triggers this endothelial-to-mesenchymal transformation (EMT)
(Noseda et al., 2004a). In VSMC cells, Notch-1 and Notch-3 recep-
tors are key regulators of their differentiation (Rizzo et al., 2015).
Furthermore, in response to inflammatory stimuli, such as IL1�,
the VSMCs change phenotype towards an inflammatory or dedif-
ferentiated state, which occurs notably through down-regulation of
VSMC markers and actin cytoskeleton reorganization. It has been
shown that activation of the Notch pathway by Dll1 or by the active
form of Notch-3 avoids this phenomenon, while Notch pathway
blockade by a �-secretase inhibitor improves it (Clémente et al.,
2007).

In addition, relevant data evidenced that during these patho-
logical conditions, Notch pathway also affects EC and VSMC
cell proliferation and migration and their key cellular functions
associated with the onset of vascular remodeling. In vascular
physiological conditions, Notch pathway controls vascular cell qui-
escence through a basal expression of Notch receptors and ligands
in ECs and VSMCs. This consents that only 0.01% of cells are actively
proliferating (Rizzo et al., 2015). As contacts between cells increase
when confluence is reached, the Notch signaling pathway would
therefore stand as a molecular mechano-sensor for quiescence con-

trol by inhibiting vascular cells proliferation. Other research groups
demonstrated that when ECs reach confluence, Notch signaling
activity augments, while p21Cip1 is concomitantly down-regulated

signaling pathways. The crucial role of Notch pathway on cell biology of cardio-
vascular cells in pathological conditions (but also in health status), such as onset
of  inflammatory CVDs, is the result of a very complex signaling network between
Notch itself pathway and other major inflammatory pathways, including TLR, NF-
�B, MAPK, TGF-�, NO and hypoxia pathways. They show multifaceted interactions
at  multiple levels. In particular, activation of TLR-4 pathway by linking PAMP or
DAMP ligands (i.e. LPS and oxLDL, respectively) on EC cells determines activation
of  NF-kB and MAPK pathways and cotemporally increased expression of Notch
receptors and ligands, which result in alterations culminating in the evocation of
macrophage infiltration and activation also mediated by a crosstalk between TLR-
4-  NF-kB and Notch pathways. This consequently induces release of inflammatory
mediatory which active stress and stretch pathways expressed on ECs, VSMCs  and
fibroblasts, such as NO pathway and TGF-� pathways. Such activation of TGF-� path-
way determines release of metalloproteinases, tissue injury and consequent DAMP
release. As vicious circle, these last additionally active and increase the expression
of  TLR-4- NF-kB and Notch pathways. As ulterior result, they induce a decrease in
the level of oxygen and a cellular hypoxic response. All these events converge in
pathological changes, including endothelial dysfunction and vascular remodeling,
which are the causes of onset of inflammatory CVDs, i.e. atherosclerosis.
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Noseda et al., 2004b; Emuss et al., 2009). Inhibition of Notch
athway at confluence prevents p21Cip1 downregulation and

nduces Rb phosphorylation and proliferation. In VSMCs, it has been
lso demonstrated that proper regulation of Notch3 activation is
equired at confluence to up-regulate cell cycle inhibitor p27kip
xpression and, subsequently, block cell growth (Campos et al.,
002). Notch signaling alters VSMC growth, but in a precise manner
s Notch-1 and Notch-3 activation, significantly increased VSMC
roliferation (Sweeney et al., 2004). Moreover, primary VSMCs

rom hey2−/− mice proliferate at a reduced rate compared with
ild-type cells, whereas the over-expression of hey1 in VSMCs

eads to increased proliferation associated with reduced levels
f the cyclin-dependent kinase inhibitors. p21waf1/cip1 (Cdkn1a)
nd p27kip1 (Cdkn1b). In this latter study, the authors demon-
trated that hey2 repressor directly interacts with the p27kip1
romoter to block its transcription (Sakata et al., 2004).

In addition to Notch influence on cell phenotype, growth and
igration of cardiovascular cells, it has been observed during age-

elated inflammatory CVDs, Notch pathway also affects EC survival.
recisely, the Notch-4 activation level regulates EC survival and
rotects from apoptosis (MacKenzie et al., 2004). Endothelial apo-
tosis protection can be mediated through a CBF-1-independent
echanism that triggers the induction of Bcl-2 expression. In con-

rast, loss of Notch-4 and Hes1 signaling by siRNA in experimental
tudies elicits apoptosis (Quillard et al., 2008). Furthermore, it has
een likely observed that the Notch expression pattern modulation

nduced by inflammatory cytokines, such as TNF-�, characterized
y a decrease in Notch-4 expression and an increase in Notch2, can
ct as an important event that leads to endothelial dysfunction-
ssociated apoptosis (Quillard et al., 2010). In VSMCs, it has been
ound that Notch-1 and Notch-3 activation promotes resistance to
poptosis, which is a prominent feature of the response to injury
nd regulates the consequent formation of the neointima (Wang
t al., 2002). Inhibition of CBF-1 activity with RPMS-1 results in

 significant increase in apoptosis following serum deprivation,
hereas constitutive expression of Notch-3 and Notch1 ICDs pro-

ects VSMCs from death (Campos et al., 2002). Moreover, both
ransient and constitutive Hey2 over-expression promotes VSMC
urvival in response to serum deprivation or Fas ligand, in part
hrough the induction of Akt (Wang et al., 2003).

Emerging discoveries have also evidenced a key role of Notch
ignaling in stroke condition, particularly mediated by Notch-1. On
he other hand, it is well recognized that Notch-1 signaling plays

 crucial role in all phases of brain development; it regulates the
roliferation and differentiation of neural stem cells, and influences
ell survival and synaptic plasticity. In addition, there is increasing
vidence that Notch pathways are important in neuropathologi-
al events, including inflammatory central nervous system disease,
rain and spinal cord trauma, and ischemic stroke (Cheng et al.,
014a, 2014b). In particular, it has been reported that the activ-

ty of �-secretase, and the resulting Notch activation, are elevated
n cultured primary cortical neurons subjected to ischemia-like
onditions consisting of 3–6 h of oxygen and glucose deprivation
Cheng et al., 2014a, 2014b). Moreover, it has been also found that
-secretase activity is elevated in ischemic brain tissue in a mouse
odel of focal ischemic stroke (Cheng et al., 2014a, 2014b). It has

een also shown that Notch signaling may  interact with hypoxia
nducible factor-1 (HIF-1) to contribute to injury outcome following
ypoxic conditions (Cheng et al., 2014a, 2014b). In 2015, the group
f Baik has also provided the strong evidence that the cooperation
etween Pin1 (an enzyme that interacts with many cell membrane
eceptors and signaling proteins that are closely associated with

schemia induced neuronal cell death, such as those within the JNK,
53, and Notch1 signaling pathways) and Notch-1 has a compro-
ising effect on neuronal viability after ischemic stroke, and that
ch Reviews 29 (2016) 50–65 61

the neuronal damage can be inhibited under in vitro and in vivo
conditions by treatment with a Pin1 inhibitor (Baik et al., 2015)

Furthermore, it has been also suggested the role of Notch path-
way in aneurysm, and particularly in both thoracic and aorta
abdominal aneurysm (TAA and AAA). Precisely, the group of Hans
demonstrated that, a Notch-1 haplo-insufficiency or pharmaco-
logic inhibition prior to the development of aneurysm dilation
at days−7 and +3 of angiotensin II (Ang-II) infusion, dramatically
reduces the development of AAA in mice by preventing infiltration
of macrophages at the site of vascular injury. This is associated with
decreased expression of cytokines and chemokines. Furthermore,
they sought to determine the effect of pharmacological inhibition of
Notch signaling (DAPT [N-(N- [3,5-difluoro-phenacetyl]-l-alanyl)-
S-phenylglycine t-butyl ester]) on the progression of small AAA
after the induction of dilation of the abdominal aorta. Their data
showed that pharmacological inhibition of Notch signaling in small
AAA attenuates its progression, by not only reducing the inflamma-
tory response, but also increasing differentiation of M2-phenotype
macrophages by a Tgf�2–dependent mechanism. The abdomi-
nal aorta of Apoe−/− mice treated with DAPT also demonstrated
increased contents of elastin precursors and adventitial collagen.
Thus, these findings suggest that targeting Notch signaling is a
promising strategy for reducing AAA progression, particularly in
those cases, in which the threshold for surgical intervention for
AAA has not yet been reached (Cheng et al., 2014a, 2014b).

In TAA case, the group of LeMaire also underlined a key role
of Notch-1, by analysing descending thoracic aortic tissues from
patients with sporadic thoracic aortic aneurysm (TAA; n = 14) or
chronic thoracic aortic dissection (TAD; n = 16) and from age-
matched organ donors (n = 12). Western blots and RT-PCR showed
higher levels of the Notch-1 protein and mRNA, and the NICD and
Hes1 proteins in both TAA and TAD tissues than in control tissue.
However, immune-fluorescence staining showed a complex pat-
tern of Notch signaling in the diseased tissue. The ligand DLL1/4
and Notch-1 were significantly decreased, and NICD and Hes1 were
rarely detected in VSMCs in both TAA and TAD tissues, indicating
down-regulation of Notch signaling in aortic VSMCs. Interestingly,
Jagged1, NICD, and Hes1 were highly present in CD34+ stem cells
and Stro-1+ stem cells in aortas from TAA and TAD patients. NICD
and Hes1 were also detected in most fibroblasts and macrophages
that accumulated in the aortic wall of DTAAD patients (Zou et al.,
2012)

Based on these relevant discoveries and advances, it is possible
to evidence the crucial role of Notch pathway on cell biology of car-
diovascular cells in both physiological or pathological conditions.
It is the result of a very complex signaling network between Notch
itself pathway and other major inflammatory pathways, including
TLR, NF-�B, MAPK, TGF-�, NO and hypoxia pathways, which have
been in part described above (Fig. 3C).

7. Conclusions and perspectives

The Notch signaling is remarkably simple, with just the trimmed
receptor that exerts its function in the nucleus, without inter-
vention of classical second messengers. Nevertheless, this highly
conserved pathway integrates several additional inputs from other
signaling pathways, both in physiological and pathological condi-
tions, such as age-related inflammatory diseases. In this report, we
reviewed several examples of such cross-regulation, by describ-
ing the potential mechanisms involved. In particular, we evidenced
that a very complex signaling network between Notch itself path-

way and other major inflammatory pathways, including TLR,
NF-�B, MAPK, TGF-�, NO and hypoxia pathways, is associated with
onset of inflammatory age-related diseases. The identification of
the key regulatory nodes between pathways might represent an
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mportant base to design more specific inhibitors of a particular
athway, avoiding cross-regulatory side-effects or to use combina-
orial treatments. In addition, this knowledge is also forming the
ase for systems-biology type approaches to predict possible out-
omes of receptor stimulation in a quantitative manner. In addition,
recise biophysical measurements in the dynamic switch-on and
witch-off systems should be used to identify the key regulatory
echanisms. Efforts and progresses in these investigations might

ive important insights for retarding or delaying age-related dis-
ases, such as CVDs, facilitating their early diagnosis and outcomes.
ooperation among patients, biochemists, physicians, researchers,

s essential in supporting this common goal. Obstacles might be
any, and the road hard and long, but the advances obtained might

e different and offer us greater and unique opportunities to meet
he imposing challenge.
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