
Notch Signalling
Pathway



• In 1917, Thomas Hunt Morgan described a strain of Drosophila
with notches at the end of their wing blades, which result from
haploinsufficiency

• Notch gene was cloned in the mid-1980s

• In 1988 and 1989, LIN-12 and GLP-1 were identified as NOTCH 
homologs in C. eleganS. 

• In 1990, XOTCH was identified in Xenopus, and the cDNA of the 
mammalian NOTCH gene was cloned.

• In 1991, the NOTCH gene was first linked to human T cell acute
lymphoblastic leukemia (T-ALL). 

• In 1997, Alagille syndrome (AGS) was found to be caused by the 
mutation of JAG1, which encodes a ligand of NOTCH1.

A brief history



Notch receptors are transmembrane 
proteins that contain multiple EGF-like 
repeats, involved in ligand interactions, 
fucosylation and glucosylation, a 
transmembrane domain (TMD), a RAM 
(RBPjκ association module) domain, 
nuclear localization sequences (NLSs), 
seven ankyrin repeats (ANK) domain, and a 
transactivation domain (TAD) that habors a 
PEST domain. 

Notch ligands can be divided into several 
groups on the basis of their domain 
composition. 



The Notch signalling pathway
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UNIQUE FEATURES
- each Notch molecule is irreversibly activated by proteolysis 
- signals only once without amplification by secondary messenger cascades



Notch biosynthesis

NOTCH precursors are generated in the endoplasmic
reticulum (O-fucosylation, O-glucosylation, and O 
GlcNAcylation) and then translocated into the Golgi
apparatus, where the O-fucose is extended by the Fringe 
family of GlcNAc transferases, while O-glucose is extended 
by xylosyltransferases. 
The glycosylation of NOTCH is vital to its stability and
function. 
The glycosylated NOTCH precursors undergo S1 cleavage in 
the Golgi apparatus at a conserved site 
(heterodimerization domain) by a furin-like protease, 
before being transported to the cell membrane. 



In signal-sending cells, NOTCH ligands are inactive 
before ubiquitylation by Neur or Mib. After ubiquitylation, ligands can be endocytosed, thus 
producing a pulling force for the binding receptors. Without the pulling force, the S2 site is 
hidden and thus, the NOTCH receptors are resistant to cleavage by ADAMs. With the pulling 
force, the S2 site is exposed for cleavage. ADAMs and the pulling force are both necessary for 
S2 cleavage. Juxtamembrane Notch cleavage at site 2 generates the NEXT fragment, which is 
cleaved by the γ-secretase complex to release the Notch intracellular domain (NICD) and Nβ 
peptide. NICD is translocated into the nucleus via the nuclear localization sequences and 
importins alpha 3, 4, and 7. 

The canonical Notch signalling pathway:
Notch activation



Notch trafficking



In the traditional model of NICD regulating gene transcription,

CSL recruits corepressor proteins and histone deacetylases (HDACs) to repress 

the transcription of target genes without NICD binding. NICD binding can 

change the conformation of the CSL-repressing complex, dissociating 

repressive proteins and recruiting activating partners to promote the 

transcription. The transcriptional coactivator Mastermind-like

protein (MAML) is one of the core activating partners that can

recognize the NICD/CSL interface, after which it recruits other

activating partners. 



The canonical Notch Signaling Pathway

CSL (CBF-1/suppressor of hairless/Lag1 (CSL, also called recombination signal binding 
protein-J, RBPJ ) is a DNA binding protein that functions as either a repressor or an 
activator of transcription, depending upon whether it is complexed by transcriptional 
corepressor or coactivator proteins, respectively. The classical model proposes that, 
in the absence of NICD, CSL binds with corepressors to inhibit the transcription of 
target genes. 



The canonical Notch 

Signaling Pathway

HDAC, histone deacetylase; ICN1, intracellular

part of NOTCH1; LSD1, lysine-specific demethylase 1; 
SMRT, Silencing-Mediator for Retinoid/Thyroid hormone 
receptors; GSK3b, glycogen synthase kinase 3 beta; 

DNMAML1, dominant-negative MAML1

Once ICN is transported to the nucleus, it 
forms a ternary complex, with the DNA-
binding protein CSL (RBP-Jκ/CBF-1) and the 
Mastermind family protein MAML1. Both CSL 
and MAML1 act as central components of 
Notch signalling by targeting nuclear ICN to 
Notch-responsive genes and by acting as 
coactivator, respectively. Indeed, ICN-CSL-
MAML1 serves as platform for the assembly of 
transcriptional activating complex containing 
several classes of transcriptional regulators 
including histone modifiers and RNA 
polymerase II recruiter.



SirT’N repression for Notch
SIRT1 deacetylase acts in concert with the LSD1
demethylase to repress Notch-induced transcription
Mulligan P. et al., 2011

SIRT1 inhibits endothelial cell Notch signaling during angiogenesis 
in zebrafish and mice.
Guarani V. et al., 2012

Acetylation tightly controls the amplitude and 
duration of Notch signalling, extending the
half-life of the protein, and enhancing its 
transcriptional activity. Sirt1 acts as a negative 
modulator of Notch1 signalling; its overexpression
reverts Notch acetylation and dampens its stability 
(Collesi C., et al., 2018). 



Integrin-induced c-src activity phosphorylates the Notch intracellular domain. This 
phosphorylation leads to decreased recruitment of MAML to the Notch transcriptional complex 
and subsequent reduction in target gene transcription. Phosphorylation of the Notch
intracellular domain may lead to reduced half-life of the protein.

The tyrosine residues are within or in close 

proximity to the Notch ankyrin Domain. 
Y1938 may regulate RBPJ-NICD interactions. 
Y2074 and Y2116 may regulate the 

recruitment of p300 acetyltransferase to the 
N1ICD transcriptional complex



Mechanisms regulating NOTCH signaling
Glycosylation
O-fucosylation affects ligand binding.
O-glucose of NOTCH receptors is involved in S2 cleavage: alteration of O-glucosylation
damages the proteolysis of NOTCH receptors after ligand binding
The sites of O-glycosylation are important regions for ligand binding, the loss of which 
decreases NOTCH signaling in T cells

Receptor trafficking
NOTCH receptors are constitutively endocytosed through a process modulated by
ubiquitin ligases such as FBXW, NUMB, ASB, DTX1, NEDD4, ITCH, and CBL. Endocytosed 
NOTCH can be recycled to the cell membrane or trapped in the cytoplasm. 
Furthermore, the endocytosed NOTCH receptors in the cytoplasm can be degraded or 
activated. 

Ligand ubiquitylation
Ubiquitylation of ligands (catalyzed by Neur and Mib) in signal-sending cells is
necessary for signaling activation. The endocytosis of ligands promotes exposure of the NRR 
domain of the receptor for S2 cleavage.

Cis-inhibition
Receptors and ligands expressed on different cells can initiate signal transduction. However, 
receptors and ligands expressed on the same cell both inhibit and activate the whole
signaling pathway, termed cis-inhibition and cis-activation.





Numb recruits components of the
ubiquitination machinery to the Notch
receptor thereby facilitating Notch1
ubiquitination at the membrane,
which in turn promotes degradation of
the intracellular domain circumventing
its nuclear translocation and
downstream activation of Notch1
target genes.



• Numb domains:
• 1. PTB domain; N-terminal phosphotyrosine

binding domain
• 2. proline-rich C-terminal region.

• Numb binds directly to NICD. The Cterminal half
of the PTB domain and the N-terminus of Numb
are required to inhibit Notch. Numb also has 
two motifs associated with endocytic proteins.

• mammalian Numb (mNumb) localizes to
clathrin coated pits and early endosomes, might
target endocytosed NICD for proteosomal
destruction.

• Numb acts either upstream of S3 cleavage site 
of Notch or inhibit the endocytosis of 
membrane-bound activated Notch.

Pece et al., 2011

Numb





In the signal-sending cells, when the ligand interacts with the receptor, 
a pulling force is generated.
As a result, the ligand-NECD complex undergoes transendocytosis
mediated by the E3 ligases Neuralized and Mindbomb. After this
transendocytosis, the ligand is recycled back to the cell membrane.





Domain organization of Mib1 highlighting the MZM, REP, ANK, and RNG regions of the 
protein. The MZM domain contains two Mib-Herc2 domains (blue and yellow) flanking a 
ZZ Zinc finger (green). The REP domain contains two tandem “Mib repeat” elements 
(orange and red). The ANK domain is composed of nine ankyrin-type repeats (light 
green), and the C-terminal RNG domain is composed of three RING elements (cyan).

MINDBOMB





Notch signaling initiates upon 
transcellular engagement of a 
Notch ligand with a Notch 
receptor, and relies on 
ubiquitin-dependent 
internalization of the ligand. In 
vertebrates, ubiquitination is 
dependent on the E3 ligase 
Mind bomb 1 (Mib1). 
Transcellular delivery of force is 
thought to expose a site (S2) 
within the Notch negative 
regulatory region (NRR) for 
cleavage by ADAM-family 
metalloproteases. S2 cleavage is 
followed by cleavage at site S3 
by gamma secretase, leading to 
release and entry of of the 
intracellular Notch (ICN) domain 
into the nucleus





Non-canonical Notch Signaling Pathway

Non-canonical Notch signaling is CSL-independent and 
can be either ligand-dependent or independent. 

The most well-studied and conserved effect of non-
canonical Notch function is regulation of Wnt/-
catenin signaling: Notch binds and titrate levels of 
the active -catenin. Therefore, active -catenin activity 
is a readout for non-canonical Notch signals.

In the presence of Wnts, membrane-bound Notch 
forms a complex with active -catenin and degrades 
active -catenin through an endo-lysosomal pathway. 
The degradation is independent
of GSK3-dependent destruction complex. 

Whether Notch is recycled back to the membrane is 
unclear. 



Numb regulation of Notch and -catenin

Numb could bind to Notch either directly (a) or dependently from -adaptin (b), with 
targeting of the Numb-Notch complex for lysosomal degradation. In both cases it might be 
possible that activated -catenin could be targeted for lysosomal destruction. 
Downregulation of Notch may occur through proteasome-mediated degradation (c).



Notch signaling has effects in many
different organs

•Notch signalling can maintain stem cells or precursor
populations in an undifferentiated state

•Notch signalling influences binary cell-fate decisions via
lateral or inductive signalling

•Notch is able to influence differentiation and cell-cycle
progression



NOTCH signaling is involved in regulating the differentiation and 
function of stem cells, affecting organ production and damage repair

Progenitor cell Progenitor cell

Notch signaling and cell-fate decisions 



Notch function in the 
developing nervous 
system of vertebrates. 

Notch signaling regulates self-renewal (curved green arrows) of developing and adult neural 
stem cells, preserving the neural stem cell pool. Notch also promotes gliogenesis (straight green 
arrow), whereas oligodendrocyte and terminal differentiation of neurons are inhibited (red 
capped bars).



The NICD-RBP-Jk complex up-regulates
expression of target genes of Notch signaling
such as HES and HERP in mammals.

The HES family is a basic helix-loop-helix
(bHLH) type trancriptional repressor and acts
as Notch effectors by negatively regulating
expression of downstream target genes such
as tissue-specific transcription factors.

HES1 and HES5, for instance, were shown to
be upregulated by NICD and necessary to
prevent neuronal differentiation of neural
precursor cells from mouse embryos

Pedrazzini et al., 2007

LINEAGE DECISION



At E10.5, Notch2-/-;Notch3-/-; (N2-/-;N3-/-) 
embryos exhibit a decrease in yolk sac blood
vessels, while the embryo is relatively normal in 
appearance. 
At E11.5, Notch2-/-;Notch3-/- mice show 
severe vascular defects in both yolk sac and 
embryo. Yolk sac blood vessels are not visible 
and extensive hemorrhaging is seen in the
embryo (arrowhead). 

Yolk sac

Embryos

Embryos lacking both Notch2 and Notch3 have 
disrupted blood vessels



Relative distribution of active Notch1 (red), Delta-like4 (Dll4) (green), and Jagged1 
(Jag1) (orange) in tip and stalk cells of angiogenic sprouts.

The pattern of active Notch is scattered in stalk cells. 

In contrast, Dll4 expression solely marks the tip cells at the leading edge of the 
vascular front.

Active Notch signaling during angiogenesis 





A, Notch signaling amplifies EPC differentiation into cardiomyocytes through Jagged 1, NICD and Wnts. 
B, MSCs enhance cardiomyocyte proliferative capacity through Jagged 1 and NICD. 
C, Notch signaling promotes the differentiation of CPCs into cardiomyocytes through Jagged 1, NICD, RBP-
Jk, and Nkx2.5. 
D, Notch signaling expands the proportion of CSCs differentiating into cardiomyocytes through Jagged 1, 
NICD, and Nkx2.5. 
E, Notch 1 signaling stimulates proliferation of immature cardiomyocytes through Jagged1, NICD, and 
cyclin D1. 
F, Notch signaling activates cell cycle reentry of quiescent cardiomyocytes through NICD, RBP-Jk, and 
cyclin D1. 

Regulatory role of 
Notch signaling for 
myocardial 
regeneration. 



The proliferative potential of adult cardiomyocytes 
is extremely limited or null



Regeneration genetics in Zebrafish

• Its fecundity makes it an optimal 
candidate for genetic and genomic 
analysis

• Eggs are fertilized outside the 
mother body - easy harvest and 
manipulation

•The embryo is transparent
•Thousands of mutations generated 
and characterized

• It regenerates fins, spinal cord, 
and optic nerve



A hallmark of epimorphic limb or fin regeneration 
is formation of the blastema, a developmental 
event that distinguishes regeneration from 
embryogenesis.



Cardiomyocytes are the source of the regenerating tissues and 
expressed a marker of regeneration called gata4—a transcription factor 
involved in normal development of the heart

Cardiomyocytes are the source of the regenerating tissues and 
expressed a marker of regeneration called gata4—a transcription factor 
involved in normal development of the heart



Many different hypothesis for the BrdU labeling
results:

• First, differentiated, contracting CMs in existing myofibers 
could be stimulated to enter the cell cycle, divide, and reform 
the apex.

• Second, regeneration could proceed through the recruitment 
of undifferentiated progenitor cells that form new, proliferative 
CMs.

• A third conceivable mechanism for the origin of regenerative 
muscle is a chimera of these two mechanisms called 
“dedifferentiation”, in which existing muscle would downregulate 
contractile genes toward creation of undifferentiated or

poorly differentiated cells.

How is organ size control achieved?



Cardiomyocytes are the

source of the

regenerating tissues

and expressed a marker

of regeneration called

gata4—a transcription

factor involved in normal 

development of the

heart



These genes are not expressed during zebrafish heart development, 

indicating that regeneration involves the execution of a specific 
genetic program, rather than redeployment of a developmental 

program.

Heart regeneration in 

zebrafish is 
accompanied by up-

regulation of 

components of the 
Notch pathway, 

followed by 

members of the Msx
family. 



Mammalian cells might maintain the pathways required to 
respond to the proper “pro-regeneration” signals

Mononucleated cells from dedifferentiated myotubes exhibit 

signs of pluripotency (subjected to chondrogenic, osteogenic, 

adipogenic, and myogenic inducing signals)



1. The extracellular factors that initiate dedifferentiation are not adequately expressed following 
amputation

2. The intrinsic cellular signaling pathways for dedifferentiation are absent
3. Differentiation factors are irreversibly expressed in mammalian cells
4. Structural characteristics of mammalian cells make dedifferentiation impossible

Several factors could explain the absence of cellular 
dedifferentiation in mammals:

Mammalian cells retain the 

intracellular signaling pathways 
required for dedifferentiation, 
suggesting that mammals fail to 
exhibit in vivo cellular 

dedifferentiation because they 
lack the signals (proteins!) that 
initiate the process





Regenerated cardiomyocytes are 
derived from differentiated, pre-
existing cardiomyocytes



Differentiating cardiomyocytes 
re-enter the cell cycle



Regenerating cardiomyocyte 
partially disassemble the 
contractile apparatus but not 
revert to an embryonic stage



What about mammals?







• Hearts of 1-day-old neonatal mice can 
regenerate after partial surgical 
resection, but this capacity is lost by 7 
days of age.

• The regenerative response was 
characterized by cardiomyocyte

proliferation with minimal hypertrophy 
or fibrosis.

• The majority of cardiomyocytes within 
the regenerated tissue originated from
preexisting cardiomyocytes.



Apical resection surgical model

(Mahmoud et al., 2014)



Troponin T 

BrdU

Newly formed cardiomyocytes

(Porrello et al., 2011)





(Porrello et al., 2011)

Which cells do they derive from ?



Apex resection promotes local infiltration of inflammatory cells in the first 48 hr, which leads to the 

deposition of a transient FNand TN-Crich ECM.
At 7 days post-injury, rates of CM proliferation are increased throughout the left ventricular myocardium

and cardiac fibroblasts are activated at the injury site. These cellular dynamics result in a thickening of

left ventricle walls, de novo vessel formation and deposition of a permanent fibrotic scar at the midpoint 

of the injured area.

Long-term evaluation showed preserved systolic function, shortened long-axis and thicker left ventricle, 

without hypertrophy and edema.



Is the heart really a 
post-mitotic organ?



After the Second World War, tests of nuclear bombs
spewed carbon-14 pollution into the atmosphere. This
isotope was incorporated into plants and the people who
consumed them. After above-ground tests were stopped in
1963, levels of the isotope started to fall. The 14C in a cell's
DNAcorresponds to the amount of the isotope in the
atmosphere at the time it was dividing, providing a way to 
date a cell's birth.

People born before 1955 had levels of 14C in their
cardiomyocytes that were higher than was present in the
atmosphere at the time of their birth, so some of these cells
must have arisen later on in their lives. Further work and
mathematical modelling allowed to calculate that a 50-year-
old heart still contains more than half the cells it had at birth
and that the turnover slows down with time. A 25-year-old
heart replaces about 1% of all cardiomyocytes over a year; 
a 75-year-old about half that.

Although extensive regeneration is unlikely to occur in most of 

mammalian tissues, evidence has accumulated in recent years 

suggesting that mammalian cardiac myocytes do retain the 

capacity to divide. Carbon dating of cardiomyocytes in human 

hearts has been suggested to indicate a lifetime turnover rate

of 50%.

Nevertheless, the ability of adult mammalian myocytes to 

regenerate injured tissue is limited. Perhaps during the course of 

evolution, mammalian hearts have simply lost the capacity for 
regeneration because it wasn't needed. After all, heart disease 

occurs later in life after we have reproduced. In addition, repair 

became more important. The mammalian heart works at high 

pressure, whereas the fish heart doesn't.

Carbon dating of human tissues

The vertical bar indicates the date of

birth of each individual, and the

similarly colored dots represent the

14C data for the same individual.





NEJM, 2001

A considerable amount of cardiomyocyte division was shown in
the failing and infarcted human myocardium

(mitotic index of 0.015% and 0.08%, respectively)



When does cardiomyocyte 
proliferation stop?



Proliferating neonatal 
cardiomyocytes express 
Notch1



Proliferative potential of neonatal 
cardiomyocytes is rapidly lost in culture



Loss of cardiomyocyte replicative potential 
correlates with loss of Notch1



• Loss of cardiomyocyte 
proliferation after birth in vivo 
parallels loss of Notch 
signaling

• Neonatal cardiomyocyte 
proliferation in vitro requires 
activated Notch ICD

• Cardiomyocyte proliferation in 
vitro can be stimulated by 
Notch pathway stimulation

• In vivo, AAV9-N1ICD 
transduction induces the 
infiltration of the myocardium 
with BrdU+, proliferating cells.





What about adult cardiomyocytes?
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Loss of cardiomyocyte proliferative potential
correlates with downregulation of Notch1 and its
target genes

Giulia Felician



Methylation of promoters of Notch target genes 
impairs AAV9-sJagged1 and AAV9-N1ICD effect
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Felician G. et al., Circ. Res., 2014



Cardiac resident stem cells?



Cardiac stem cells 

(CSCs):

do they exist?

Adult cardiac stem cells are multipotent and support myocardial regeneration.
Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, Musso E, Urbanek K, Leri A, Kajstura J, Nadal-Ginard 

B, Anversa P.







GFP-labeled CSCs delivered to the coronary 
arteries 4 hr after ischemia-reperfusion

Ventricular function monitored by 
echocardiography

Myocardial regeneration by histology



c-Kit+ cells (Anversa) 
Sca-1 cells (Schneider)
Side population cells (Liao) 
Islet-1 cells (Chien)
Cardiosphere-forming cells (Messina/Marban) 
SSea-4+ cells (Taylor)

One of the least regenerative organ in the body has 
multiple non-overlapping populations of 
cardiomyocyte progenitors??

Resident cardiac stem cells





Cardiospheres

1) Biopsy 4) Cardiospheres2) Explants 5) Cardiosphere-

derived cells

3) Cardiosphere-

forming cells

cTnI 

cMHC



Mild enzymatic digestion 
EDTA and mild trypsinization

Low serum, serum substitute B27, EGF, bFGF, 
cardiotrophin-1, thrombin (7-fold increase in the 
number of spheres)



• Cardiac progenitor cells (CPCs) in the niches 
express Notch1 receptor, and the supporting cells 
exhibit the Notch ligand Jagged1.

• N1ICD and RBP-Jk form a protein complex, which in 
turn binds to the Nkx2.5 promoter initiating 
transcription and myocyte differentiation.

• Notch1 favors the early 
specification of CPCs to 
the myocyte phenotype 
but maintains the newly 
formed cells in a highly 
proliferative state.
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