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1. ABSTRACT 
 

The Notch pathway is a signaling network 
essential for proper organ development in an embryo, and 
is indispensable for tissue regeneration in the adult. This 
key regulatory signaling network is evolutionarily 
conserved in all metazoans and is continually utilized for 
the building, maintenance and repair of diverse organs and 
tissues. Importantly, dysfunctions in the Notch pathway 
have been demonstrated to result in oncogenic 
transformation, such as in lymphoid cancers, and have been 
linked to the pathogenesis of several inherited human 
diseases. Therefore, the ability to regulate Notch signaling 
intensity both positively and negatively has a very high 
therapeutic relevance. Adapting this pathway for tissue 
engineering applications has great potential to spear-head 
the development of smart biomaterials to deliberately 
control cell-fate decisions and lead to designer ex vivo 
morphogenesis. This review describes the components of 
Notch-specific signal transduction, presents the role of the 
Notch signaling network in constructing and repairing 
multiple organ systems, summarizes the Notch-related 
pathologies, outlines current advances in the deliberate 
modulation of the Notch pathway in bioengineering 
applications, and introduces future perspectives on the use 
of Notch pathway manipulations as a powerful universal 
tool in tissue engineering and in the orchestration of stem 
cell responses. This review also summarizes the existing 
bioengineering methods most suitable for the deliberate 
manipulation of Notch signaling, such as smart 
biomaterials able to pattern Notch ligands or to create 
gradients of Notch agonists and antagonists. Such methods 
will likely facilitate the engineering and dynamic 
remodeling of tissues composed of stem, progenitor and 
differentiated cells derived from an initially equivalent cell 
population.   

 
 
 
 
 
2. INTRODUCTION 
 

Notch was discovered in Drosophila 
melanogaster in the early 20th century and received its 
name from the “notched” wing phenotype in flies bearing a 
mutation in this locus (1-3). Notch was one of the first 
genes proven to regulate early embryonic development, and 
the term “neurogenic” has been coined to describe one of 
the Notch mutations (4). Specifically, the activity of this 
pathway has been shown to control the balance between 
epidermal and neural cell-fate determination, where a lack 
of Notch activity results in an excess of neuroblasts and 
neural tissue and insufficient epidermal tissue in 
Drosophila melanogaster (4).  
 

It was later established that the Notch pathway is 
extremely well conserved between flies and worms 
(Caenorhabditis elegans), where Notch/LIN-12 proteins 
regulate formation of organs in early embryonic 
development and, generally speaking, control cell fate 
determination (5). The regulatory role of Notch on cell fate 
determination and the molecular mechanisms by which it 
controls proliferation and differentiation of stem and 
progenitor cells in all three germ layers have also been 
extensively studied in vertebrates, including zebrafish, 
Xenopus, birds, mice and humans, and have been found to 
be well conserved (6-13).  
 
3.  THE NOTCH SIGNALING PATHWAY, ITS ROLE 
IN EMBRYONIC DEVELOPMENT AND 
POTENTIAL APPLICATIONS FOR EX VIVO 
MORPHOGENESIS AND TISSUE ENGINEERING 
 
    The Notch signaling network is evolutionarily 
conserved and has been described in a diversity of 
metazoans (10, 14-19).  The Notch receptor (4 isoforms 
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identified in mammals) is initially synthesized as a single, 
300kD precursor protein (20).  This immature form undergoes 
furin-like proteolytic processing prior to its presentation on the 
cell surface.  As a mature heterodimer, Notch is comprised of 
two major protein segments.  The first is a large extracellular 
segment that contains many tandemly arranged EGF-like 
repeats.  The second Notch segment is smaller and consists of 
a short ectodomain, single-pass transmembranal domain and 
intracellular domain.  Together, the two receptor subunits 
associate via calcium-dependent, non-covalent interactions 
within their extracellular regions. 
  

Notch signaling is activated by interactions with 
specific membrane-bound ligands on the surface of 
neighboring cells (4, 18, 21).  Consequently, direct cell-cell 
contact is typically required for Notch signaling.  Multiple 
Notch ligands have been characterized in mammals, e.g. Delta-
like1 (also called Delta1), Delta-like3, Delta-like4, Jagged1, 
and Jagged2. All Notch ligands, except Delta-like3, have been 
found to physically and functionally interact with the Notch 
receptors, while Delta-like3 has been shown to attenuate 
activation of Notch by other ligands (22). 

 
Like the Notch receptor itself, the members of the 

Notch ligand family, DSL (Delta/Serrate/LAG-2), also possess 
EGF-like repeats in their extracellular domains.  These repeats 
are important for Notch-ligand interactions, and can be 
affected by various site-specific, post-translational 
modifications.  For example, fucosylation, via an N-
acetylglucosaminyltransferase activity of the Fringe protein, is 
critical for receptor-ligand binding.  Furthermore, ligand 
affinity (e.g. signal potentiation through Delta vs. Jagged) can 
be altered through Fringe addition of N-acetylglucosamine to 
O-fucose (23, 24).   
 
 Upon ligand binding, Notch receptor undergoes 
proteolytic cleavage in both the extracellular and intracellular 
regions.  The first cleavage is carried out by the ADAM family 
metalloprotease TACE (Tumor Necrosis Factor Alpha 
Converting Enzyme), and occurs immediately outside the cell 
membrane, releasing the entire ligand-bound extracellular 
portion of Notch.  This fragment is subsequently endocytosed 
by the opposing ligand-presenting cell.  In the second cleavage, 
the release of the Notch intracellular domain (NICD) is 
mediated by the action of presenilin-1-dependent gamma-
secretase activity (20, 25).  NICD contains nuclear localization 
signals and consequently undergoes nuclear translocation, 
where it binds to the major Notch effector – transcription factor 
CSL (CBF1 – humans, Suppressor of Hairless – Drosophila, 
LAG-1 – C. elegans, also termed RBP-J in mice) (26).  It is 
important to note that, although poorly understood, CSL-
independent Notch signaling events have also been described 
(27, 28).   
  

Upon CSL binding, NICD promotes the 
displacement of a CSL-dependent transcriptional corepressor 
complex, which commonly includes a histone deacetylase and 
various corepressor components (29).  NICD therefore behaves 
as a transcriptional co-activator, releasing DNA-bound CSL 
from its normal state of transcriptional repression to activation.  
Additionally, the displacement of CSL facilitates the 
recruitment of a transcriptional coactivation complex, 

including Mastermind/LAG-3/SEL-8  (30-33), thereby driving 
Notch target gene expression. 
  

Despite the number of identified DNA-binding sites, 
the best characterized Notch target genes are basic helix-loop-
helix (bHLH) proteins, e.g. HES – Hairy/E(spl) and 
(HESR/HEY) – HES-related family genes in vertebrates (34, 
35).  These proteins have been described as negative 
transcriptional regulators for a variety of genes involved in 
tissue-specific differentiation, cell cycle regulation and T-cell 
development (20, 23).  Thus, although the specific identities of 
Notch target genes remain largely unresolved, it is clear that 
bHLH upregulation is an important feature of Notch 
transcriptional output.  
 
 Various manipulations of the signaling strength of 
this pathway, such as the forced ectopic expression of NICD 
and of Notch ligands, modulation of gamma-secretase activity 
and targeting of CSL, have been attempted experimentally and 
have yielded important information about the effects of the 
Notch signaling network on a variety of cell responses.  These 
include data on somitogenesis, myogenesis, neurogenesis, and 
the transdifferentiation of bone marrow mesenchymal stem 
cells into muscle cells (10, 11, 21, 36, 37).  Importantly, from a 
bioengineering perspective, many promising bio-
pharmaceuticals targeting the Notch signaling pathway have 
been developed (38), and could be used in various tissue 
engineering methods as well as in the creation of novel 
synthetic materials that adopt Notch activity in ex vivo 
morphogenesis (discussed below). 
 
3.1. General mechanism of action, a tissue engineering 
perspective 

Described in general terms, the principal role of 
the Notch signaling pathway is to coordinate distinct cell 
fate determination in adjacent stem and progenitor cells.  
Some of the fundamental and classical mechanisms 
governing cell commitment to specific lineages, namely 
inductive interactions and lateral specification, are 
regulated by the Notch signaling network. According to a 
current paradigm experimentally established and best 
described in invertebrates (e.g. in flies and worms), 
Notch/LIN12 represent the molecular mechanisms by 
which uncommitted neighboring stem and progenitor cells 
instruct each other with respect to specific distinct cell fates 
(4, 14, 39-41).  In the case of inductive interactions, cells 
are nonequivalent. For example, only one of the 
neighboring cells is induced to express the Notch ligand, 
thus activating Notch signaling in the adjacent cell but not 
in distant cells (4, 14, 42, 43).  In contrast, lateral 
specification generates cells of different lineages from a 
population of equivalent cells through stochastic variation 
in the expression levels of Notch ligands and receptors.  
These variations are initially small but are amplified by 
multiple feedback mechanisms, which lead to instructive 
interactions between these cells and subsequent 
amplification of the differences in their cell-fate decisions 
(4, 14).  
 

From a tissue engineering perspective, in lateral 
specification a gradual network of instructive signals 
develops in an initially non-committed, uniform group of 
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cells (44, 45).  The re-creation of such a regulatory network is 
a tempting possibility for tissue engineering applications, 
where the initial populations of stem and progenitor cells are 
non-committed to a particular lineage, and their tissue-specific 
differentiation is the desired outcome.  Despite the importance 
of creating an instructive synthetic environment for the 
deliberate manipulation of cell fate in tissue engineering 
approaches (46-48), a patterned asymmetry of Notch ligands, 
provided in a synthetic extracellular niche, might provide for 
the juxtaposition of cells with differential activity in Notch 
signaling. This difference would potentially utilize the natural 
feedback mechanisms for generating distinct cell fate 
determination from the initially equivalent uniform population 
of stem and progenitor cells. Thus, a non-equivalent patterning 
of Notch functional domains may advance current strategies 
for ex vivo tissue formation.  

  
In this respect, initial studies have described the 

development of recombinantly-produced, chimeric 
extracellular matrix proteins that incorporate human Jagged1 
and Delta1 functional domains into an elastin backbone (49).  
In a functionally-tested approach, an immobilized Notch 
ligand (Jagged 1-Fc fusion protein) was either coated onto the 
surface of polystyrene plates using affinity interactions with 
protein G, or was immobilized in poly-2-hydroxyethyl 
methacrylate (poly-HEMA), using affinity interactions with 
crosslinked rabbit anti-human Fc antibody (50).  In this work, 
Jagged1, evenly distributed and oriented in its active 
conformation by affinity immobilization, predictably activated 
Notch signaling, and directed the expected differentiation of 
esophageal epithelial cells (50).  Soluble Jagged1 did not have 
these effects, which is anticipated from earlier studies 
demonstrating that soluble Notch ligands act as antagonists of 
the pathway (51).  In conclusion, future work employing 
creative choices of structural biomaterials, by examining cell 
types with high pluripotency and engineering an asymmetric 
pattern of immobilized Notch ligands (as opposed to the 
uniform distribution of these molecules), will aid these initial 
and important studies further.   Additionally, such future 
developments will help ascertain whether a predictable cell-
fate determination can be orchestrated from initially equivalent 
cell populations in synthetic micro-environments, and 
furthermore, if such deliberate lineage formation could 
produce synthetic tissues ex vivo.   

 
Another aspect of Notch-exerted regulation that is 

interesting for tissue engineering applications concerns the fact 
that the Notch pathway is responsible for the formation of 
sharp and proper borderlines between the cells committed to 
different lineages (thus not only contributing to the formation 
of tissues, but also to organizing tissues into organ systems).  
This effect of Notch signaling is conserved in such 
evolutionary distinct species as D. melanogaster (52), mice 
and Xenopus (11).   Specifically, activity of the Notch pathway 
controls formation of the dorsal–ventral boundary in fly wings 
(11), whereas in vertebrate species Notch is critically required 
for segmentation during somitogenesis (10, 11).  Very 
interestingly, the robust effect of Notch on the segmentation of 
presomitic mesoderm (PSM) has been recently used to further 
scientific discovery with the help of real-time bioluminescence 
imaging methods (53).  This particular work established that 
oscillation of the Notch effector, Hes-1, occurs in the PSM, but 

not in the individual PSM-derived cells.  Furthermore, 
mathematical simulation suggests that Notch-controlled cell-
cell communication is essential for the stability of cellular 
oscillators during segment formation (53). 

 
Additionally, Notch signaling regulates the 

formation of anterior and posterior edges at the boundary 
between the dorsal and ventral thalamus in the developing 
avian brain (54).  Notch also  controls boundary formation in 
the zebrafish hindbrain (55).  The effects of Notch signaling on 
the creation of tissue borders is linked to the activity of Fringe 
genes (e.g. lunatic-fringe in vertebrates), which possess the 
ability to modify the extracellular portion of Notch receptors 
(11, 56-58).  Such modifications modulate the sensitivity of 
Notch receptors for ligands with differential binding affinity 
(e.g. Delta versus Serrate in D. melanogaster, or Delta versus 
Jagged in mammals (24, 59, 60)); and hence, fine-tune the 
signaling intensity of Notch (11, 24, 61). 

 
A variety of well-developed bioengineering 

methods are perfectly suited for the ex vivo and in situ re-
creation of precise borderlines between cells directed toward 
distinct fates by a patterned modulation of Notch signaling, 
thereby facilitating the procession from tissue to organ 
fabrication.  For example, biomaterial researchers have coined 
the term “precursor tissue analog” (PTA), which generally 
implies a use of patterned biocompatible surfaces or three-
dimensional structures for fabrication of functional tissues 
(62).  The idea behind precursor tissue is that the engineered 
pattern is expected to promote physiological cell-cell 
interactions, leading to normal tissue remodeling by exposure 
of seeded cells to various signals patterned (62).  The use of 
PTA for directed and specified differentiation of uncommitted 
stem and progenitor cells has also been envisioned.  However, 
at this point, mostly patterning of natural adhesion molecules, 
cells, recombinant DNA molecules, and various growth factors 
have been approached experimentally (46, 48, 62-68).  

 
One type of bioengineering technique that is 

particularly well-suited for delivering a tunable, temporal-
spatial activation of patterned Notch are soft lithographic 
methods, such as microcontact patterning (46, 69).  Discovered 
in microelectronics (69), microcontact patterning has recently 
flourished in biological applications (46, 70).  This method is 
exemplified by the printing of avidin on poly-lactid–
poly(ethylene glycol) (PLA–PEG) films (71) and by glass-
surface printed protein A (72).  Both techniques allow patterns 
of recombinant proteins of choice that are based on affinity 
interactions between avidin and biotinylated protein in the first 
case, and between protein A (or G) and the Fc fragment of  
immunoglobulin (IgG) produced as a fusion protein in the 
second case (71, 72).  Importantly, the functional relevance of 
such patterned substrates has been proven by examining the 
effects of the axonal guidance molecule L1-Fc fusion protein 
on selective axon outgrowth when cells were cultured on 
patterned poy-L-lysine coated surfaces (72).  Furthermore, the 
use of specific adhesion extra-cellular matrix substrates as a 
printing ink, allows optimization of these techniques for 
specific cell types, e.g. neural, endothelial, epithelial, etc (73-
78).  Application of these methods to temporal and spatial 
patterning of Notch ligands with differential receptor affinity 
may provide a unique method to direct the formation of 
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defined borderlines between cells committed to distinct 
lineages, which could be the first important step toward the 
dynamic process of ex vivo morphogenesis. 
 
4.  ROLE OF GRADIENTS, MODIFIERS AND 
INTERACTIONS WITH OTHER SIGNALING 
PATHWAYS IN NOTCH DIRECTED CELL-FATE 
DETERMINATION: CONSIDERATIONS FOR 
TISSUE ENGINEERING  
 

Similar to other determinant factors regulating 
embryonic organogenesis, Notch signaling has morphogenic 
properties.  Hence, cellular activity is controlled not simply by 
whether the Notch pathway is “on” or “off”, but by the 
quantitatively variable magnitude and duration of Notch 
activity.  Genetic targeting and conditional mutagenesis 
experiments in vertebrates have demonstrated that the quantity 
of Notch signaling activity is strictly controlled and is critically 
required for body patterning in early embryonic development, 
as well as for the establishment of specific organ systems, such 
as cardio-vascular and neural (79-86).  

 
Importantly for bioengineering applications, very 

small quantitative differences in the degree of Notch signaling 
intensity translate into significant changes in functional cellular 
responses, ranging from proliferation to differentiation and 
from cell expansion to apoptosis (4, 5, 87).  To further 
complicate this aspect, Notch is likely to control cell cycle 
progression both positively and negatively, in response to both 
intrinsic and extrinsic factors – depending on the strength of 
signaling and the molecular interactions of Notch signaling 
with other regulatory signal transduction networks (88-97).  
Therefore, either inducing or inhibiting Notch signaling by 
means of patterned synthetic material does not predictably 
control cell-fate determination, that is unless the specific 
biological context of such manipulations are also equally 
considered.  

 
Physiologically, the range of Notch signaling 

intensity is regulated by many diverse positive and negative 
feed-back mechanisms, such as endocytosis, trafficking, and 
compartmentalization of Notch receptors and ligands.  The 
strength of this signaling can be modulated by the attenuation 
of expression levels of Notch ligands in cells with active 
Notch, as well as by asymmetric localization or enhanced 
expression of Notch antagonists (i.e. Numb) (4, 11, 14, 15, 52, 
98-106).   

 
It is quite clear that in synthetic biomaterials aimed 

to re-create ex vivo morphogenesis, not only the presence and 
patterning of Notch-inducing and inhibitory elements, but also 
the controlled quantities or gradients of these elements should 
be considered.  An attractive bioengineering method for 
generating a simple complex gradient of soluble factors, and 
delivering these factors in precise quantities, is microfluidics 
(107).  Specifically, either a single or multiple stream could be 
used in a microfluidics device to deliver various signaling 
molecules in various combinations to cells.  In such a system, 
both the concentration and the gradient of each molecule could 
be precisely controlled.  Importantly, modern microcontact 
patterning and microfluidics methods either alone or in 
combination have been successfully used for generating 

gradients of signaling molecules.  These experiments have 
primarily involved adhesion molecules (e.g. RGD (Arg–Gly–
Asp) peptide), growth factors, or various densities of substrate 
as either transient or stable gradients (46, 107-110).  The use of 
microfluidics, in combination with photopolymerization of 
monomers that gel by exposure to UV light, have been shown 
to produce patterned gradients of adhesion molecules in 
biomaterials (e.g. hydrogels) and have been proven to be 
functionally significant for the predictable manipulation of cell 
responses (111, 112).  Several key cell responses, such as 
proliferation, differentiation, spreading, migration and natural 
matrix remodeling have been demonstrated to be controlled by 
the gradient density of adhesion ligands, e.g. RGD, and by the 
substrate density generated in synthetic hydrogels.  In addition, 
microfuidic-orchestrated gradients of cytokines and growth 
factors have been used to study neutrophil chemotaxis, axon 
outgrowth and neurogenic differentiation of cells in culture  
(112-117).  Therefore, formation of gradients of natural and 
synthetic Notch agonists and antagonists in engineered 
biomaterials is a real possibility. Combined with the 
appropriate positioning of stem and progenitor cells, these 
methods could be applied to the fine-tuning of directed ex vivo 
tissue and organ formation.  
 

A final consideration for the use of the Notch 
signaling pathway in bioengineering applications involves its 
role as a master regulatory switch of cell-fate determination.  In 
this manner, the Notch pathway interacts with all of the other 
networks known to control tissue formation and organogenesis 
in metazoans.  Namely, Notch cross-talk with the Receptor 
Tyrosine Kinase-Ras-MAPK pathway, Jak-STAT signaling, 
the TGF-beta superfamily, wingless/Wnt and hedgehog/Shh 
pathways have been established in invertebrates and 
vertebrates, and have been found to be well conserved with 
respect to molecular mechanisms and the effects on cell 
behavior (5, 36, 118, 119).  For example, it has been shown 
that Notch promotes the differentiation of astrocytes in the 
embryonic nervous system by activating STAT3 via 
facilitating complex formation between JAK2 and STAT3 
(119).  Notch has also been shown to interact with the Wnt 
pathway during the control of embryonic somitogenesis, 
hematopoiesis, and intestinal and skin tissue regeneration (120-
123).  Additionally, Notch and TGF-beta/phospho-Smad 
signaling interactions are important for embryonic 
organogenesis and for tissue regeneration in the adult, as well 
as for endothelial cell migration.  Deregulation of this cross-
talk has been shown to lead to mammary tumors (120, 124-
128). 

 
Therefore, changing the activity of Notch in 

synthetic scaffolds will likely change the signal transduction of 
many other physiologically important networks in the cells of 
interest, where specific changes will depend on the strength of 
signaling and the cell types involved.  In contrast,  
manipulating the activity of signaling networks, such as Shh, 
TGF-beta or Tyrosine-Kinase-Ras-MAPK, which is one of the 
common results of biomaterial-enabled patterned release of 
BMP ligands and growth factors, (e.g VEGF) (48, 63, 66, 129-
132) will very likely alter the strength of Notch signaling in 
cells exposed to such synthetic scaffolds.  The issue of signal 
integration and the specific cellular and molecular context in 
which the Notch pathway is manipulated should definitely be 
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taken into account.  As such, the cell-fate decisions and the 
final effect on tissue fabrication will result not only from the 
modification of the Notch signaling pathway, but from the 
simultaneous changes in other signaling networks 
cumulatively controlling cellular responses. 
  

A specific and classical example Notch and Ras 
pathway interaction in regulating cell fate determination has 
been established in invertebrate embryogenesis, where the 
formation of C. elegans vulva and the Drosophila ommatidia-
eye are controlled by the cross-talk between these signaling 
pathways (5, 133-136).  Importantly, the actual mechanism of 
cell fate determination regulation by Notch and Ras interplay 
are well conserved between invertebrates and mammals, as 
well as between different tissues (137-144).  Described in 
general terms, Notch-imposed lateral specification creates 
asymmetry in a cluster of cells with respect to the expression 
of a specific growth factor, such as EGF.  This asymmetry, in 
turn, creates a gradient of tyrosine kinase receptor-Ras 
activation in such cell populations.  Since Ras signaling 
induces the expression of Notch ligands, the differential Ras 
activation is translated into instructive Notch signaling, hence 
generating distinct cell fates and leading to tissue/organ 
formation (5). 
 

Several tissue engineering approaches for, signal 
integration and for simultaneous delivery of multiple growth 
factors have been described, and are well suited for creating a 
proper molecular context for manipulations of the Notch 
pathway (108, 145-148).  For example, mature vascular 
network formation has been accomplished by dual delivery of 
vascular endothelial growth factor and platelet-derived growth 
factor from a single, structural (PLG) polymer scaffold (108).  
Similarly, biodegradable hydrogels have been used for 
simultaneous delivery of insulin-like growth factor-1 and 
transforming growth factor-beta1 into injured cartilage (145).   
Hydrogels have also enabled the simultaneous delivery of bone 
morphogenetic protein-2 and transforming growth factor-beta3 
to transplanted bone marrow stromal cells, which significantly 
improved the regenerative outcome (146).  In a microfluidic 
approach, multiple laminar streams have been used in a 
microfluidic channel to deliver membrane-permeable 
molecules, such as flourescent tags to selected subcellular 
microdomains of single cells (147).  It is easy to envision that 
the use of such methods could create complex soluble niches 
by positioning cells at an interface between several laminar 
streams, thereby delivering multiple signaling molecules that 
could also be asymmetrically organized with respect to their 
gradients (46, 107, 147).  
 
5.  NOTCH SIGNALING IN MAINTENANCE AND 
REPAIR OF VARIOUS ADULT TISSUES, AND THE 
BIOENGINEERING APPROACHES FOR 
MANIPULATION OF NOTCH SIGNALING DURING 
TISSUE REGENERATION 
 

An emerging paradigm is that conserved 
signaling pathways, such as Notch, not only regulate the 
formation of organs during embryonic development, but are 
also employed for postnatal organ repair.  Consequentially, 
the deregulation of these key determinants of cell-fate 
determination cause not only developmental abnormalities, 

but also result in a variety of adult disorders (10, 11, 19, 21, 
36, 149).  The role of Notch in the maintenance and 
regeneration of postembryonic tissues, and the disorders 
associated with the deregulation of Notch activity are 
discussed below.  Also, the bioengineering approaches for 
manipulation of Notch signaling during tissue regeneration 
are introduced. 
 
5.1. The role of Notch signaling in the maintenance and 
repair of healthy tissues 

While Notch-Delta signaling has been extensively 
studied in regard to development and organogenesis, the role 
of Notch in the maintenance and repair of various adult tissues 
is only beginning to be elucidated.  The precise role that Notch 
plays in stem cell biology varies from tissue to tissue and from 
cell type to cell type, but general themes are emerging as more 
tissues are studied.  In many cases, Notch signaling promotes 
proliferation and homeostasis over differentiation, and has also 
been shown to regulate apoptosis (11, 21, 36). 

 
Conboy et al. demonstrated that signaling through 

the Notch pathway is essential for maintenance of muscle 
tissue    (150).  Following injury, Notch signaling must be 
upregulated for efficient activation of satellite cells (muscle 
stem cells).  Specifically, expression of the Notch ligand Delta 
is upregulated in response to injury.  Likewise, the inhibition of 
Notch signaling was found to dramatically decrease the 
efficiency of muscle wound healing (151).  This response also 
seems to be a major factor in muscle aging, as aged muscle has 
a diminished ability to respond to injury and fails to upregulate 
Delta in response to injury.  Furthermore, efficient muscle 
healing could be rescued through direct activation of Notch in 
vivo. 

 
Like muscle, neuronal tissue is primarily post-

mitotic.  However, this aspect alone does not equate to clear 
similarities in the Notch signaling behavior within these two 
tissue types.  There are many different types of neural cells, 
and so the picture is somewhat more complicated.  For 
example, Notch signaling promotes the differentiation of 
astrocytes, radial glia, and Müller cells (119, 152-159).  In 
terms of the self-renewing neural stem cells (NSC), however, 
Notch activity seems to follow the conserved route of 
promoting maintenance and suppressing differentiation.  In 
animals deficient for the Notch effector Hes1, the brain NSC 
population is greatly diminished (160).  Furthermore, 
modulation of Notch signaling in neural stem cell cultures can 
strictly regulate the decision between self renewal and 
differentiation (161). 

 
Notch inhibits oligodendrocyte differentiation, but 

promotes the differentiation of astrocyte, radial glia and Müller 
cells in retina formation.  However, in the epidermis of the 
skin, Notch signaling actually promotes differentiation of hair 
follicles, whereas Notch inhibition causes proliferation (162).   

 
The intestine is an excellent system to study stem 

cells and their role in the everyday maintenance of a tissue.  In 
the intestine, the stem cells reside near the base of the crypts of 
Lieberkühn (163).  It is there that all four distinct cell types of 
the intestine are derived from the resident stem cells.  New 
intestinal cells are continuously produced to replace the 
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sloughing off of cells from the tips of the villi.  In this respect, 
simultaneous activation of both Notch and Wnt signaling 
pathways is necessary for the self renewal of intestinal stem 
cells (162).  Wnt signaling occurs almost exclusively in the 
crypts, and Notch/Delta expression is further confined to the 
base of the crypts (163) .  Lastly, intestinal Wnt signaling is 
sufficient to activate Notch and stimulate proliferation. 

 
Hematopoietic stem cells are similarly regulated by 

Wnt and Notch (164-166).  Wnt expression activates Notch 
and in turn signals for self renewal (121).  It seems likely that 
presentation of Notch ligands in the bone marrow niche is a 
signal through which stemness is preserved.  However, while 
Notch activation does prevent B-cell differentiation, Notch has 
been shown to promote the T-cell lineage (167-169). 

 
Thus far, the role of Notch signaling seems best 

understood where it has been studied in the gut and in the 
skeletal muscle systems.  Other systems, particularly the 
hematopoietic and nervous systems are considerably more 
complicated and warrant further study.  Of particular 
perplexity is how and why the Notch/Delta signaling family 
seems to force proliferation in most cases, while certain other 
cell types choose exactly the opposite cell fate decision. 
 
5.2. Disorders and abnormalities associated with the 
deregulation of Notch signlaling 

As an established oncogene in the hematopoietic 
system in humans, Notch1 receptor has been implicated in 
T-cell acute lymphoblastic leukemia (T-ALL).  
Chromosomal translocation events in T-ALL result in the 
constitutive activation of a truncated Notch1 form, referred 
to as TAN1 (translocation-associated Notch homologue) 
(170).   As such, constitutively active NICD appears to be 
largely responsible for the Notch-related T-cell 
malignancies in hematopoietic stem cells.  Recent work 
with mouse models suggests that the role of Notch in T-cell 
receptor recombination events may be critical to the 
development of T-ALL (171), and, in one study, involved 
mutations within domains affecting receptor stability (172).  
Interestingly, in addition to Notch1, other aberrant forms of 
this receptor have been reported to similarly induce T-cell 
leukemia in committed thymocyte progenitors (173).      
  

Mutation in the Notch pathway components have 
also been implicated in several inheritable human diseases, 
such as Alagille Syndrome (AGS), CADASIL (Cerebral 
Autosomal Dominant Arteriopathy with Sub-cortical 
Infarcts and Leukoencephalopathy) and Spondylocostal 
dysostosis (SD) (174).  In a large number of AGS patients, 
Jagged1 expression is diminished as a result of mutations, 
e.g. premature termination codons within the gene or 
abnormal glycosylation causing diminished cell surface 
transport-expression of Jagged1 protein (174-177).  Genetic 
and environmental modifiers have been suggested to 
explain apparent variance in AGS pathology, within 
patients carrying identical JAG1 mutations (178-180).  In 
this respect, advances in the development of AGS mouse 
models, such as Hey2 homozygous mutants suggest that 
genes encoding other Notch signaling pathway components 
are likely candidates (80, 181, 182).   
   

Inherited forms of autosomal-recessive SD were 
demonstrated to be caused by mutations in the modifiers of 
Notch signaling strength, e.g. Delta-like3 and Lunatic 
fringe (183-187).  The phenotype for SD is very similar to 
that exhibited by Dll3pu mutant mice (homozygous for 
pudgy mutation) and by Lfng homozygous null mutations, 
implicating the loss of function of these genes in human SD 
(183, 185-188). 
  

Mutations in the Notch3 gene are attributed to 
causing CADASIL (189), and involve a gain or loss of one 
of the six conserved cysteine residues that comprise the 
EGF-like repeats of the Notch receptor extracellular 
domain.  It is currently unknown how Notch3 signaling is 
altered by CADASIL mutations, as they do not appear to 
directly affect cell surface expression or ligand binding 
(190).  However, correlations between human patients with 
CADASIL and the mouse CADASIL model, where Notch3 
ectodomain has been shown to accumulate in cerebral and 
peripheral arterioles, suggests that CADASIL mutations 
may compromise Notch3 ectodomain clearance, following 
ligand interaction (191, 192).   
 
 In summary, the Notch signaling pathway plays a 
pivotal role in the maintenance and repair of multiple adult 
tissues and many disorders, as well as the age-related 
decline in tissue regenerative potential stem from the 
deregulation of this signaling network.  Therefore, 
important therapeutic applications could be developed to 
enhance the regeneration of organ repair, especially in the 
elderly and those afflicted by degenerative disorders.  
Novel therapies for Notch-associated genetic diseases and 
oncogenic transformations could result from adapting some 
of the tissue engineering approaches described above for 
the deliberate manipulation of the Notch signaling pathway.  
One such approach, perfectly suited for the enhancement of 
tissue repair and for gene-therapy applications, is acellular 
therapy, which involves the introduction of cell-free 
biodegradable materials composed of natural and synthetic 
extra-cellular matrix components, capable of releasing 
biologically active molecules in the tissue of interest, in situ 
(48, 63, 193, 194).  Moreover, an interactive factor delivery 
method could be orchestrated from synthetic biomaterials, 
where endogenous cells activate the factor by local 
secretion of proteases and, not only single, but multiple 
factors could be released simultaneously or sequentially 
(108, 129, 195-200).  Functional ECM analogs, such as 
hydrogels with controlled chemical and biological 
properties and abilities to influence regenerative responses 
have already been developed and tested in science and 
medicine (64-66, 201-205).  Adapting these principles for 
designing synthetic materials, able to control the signaling 
intensity of Notch in situ, could be based on an integration 
of specific physiological or synthetic biologically active 
modulators of this pathway (described above).   Positive 
natural modulators, such as Notch ligands, could be used 
for enhancing Notch activity in cases of age-related decline 
in tissue repair and in some genetic disorders.  In contrast, 
negative modifiers, such as inhibitors of gamma-secretase 
or recombinant Notch antagonists, consisting of ligand-
binding EGF repeats,  and thus, serving as a “sponge” or
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Figure 1.  Hypothetical synthetic scaffold adapting Notch signaling for ex vivo myogenesis. Adult stem cells such as quiescent 
satellite cells (muscle stem cells expressing inactive Notch receptor) can be cultured on synthetic biomaterials (either in 2D or in 
3D scaffolds), which release growth factors (i.e. EGF) in a gradient fashion and initiate asymmetric stem cell differentiation via 
variable Notch signaling.  In this hypothetical scheme, muscle stem cells exposed to high levels of EGF begin to express Notch 
ligands (i.e. Delta) which can activate Notch in neighboring, but not distant cells.  The highest concentration of EGF might also 
attenuate Notch (via Ras) in the cells that have been orchestrated to up-regulate Delta most efficiently, and such cells might be 
prone to differentiate into fusion-competent myoblasts.  At the same time, cells exposed to moderate or low levels of EGF and 
adjacent to Delta-expressing neighbors, will have the highest level of Notch activation; and thus will be directed toward a highly 
proliferative intermediate precursor cell fate (pre-myoblasts) and will be resistant to terminal differentiation into myotubes.   
Hence, three populations of cells will be created from one initially equivalent cell group: original satellite cells at the periphery, 
cells with high levels of Delta but modest Notch activation in the center, and intermediate progenitor cells with high Notch 
activity in between. Subsequently, mitogenic growth factors, such as basic FGF (bFGF) can be withdrawn and replaced with 
differentiation-promoting factors, e.g IGF-1, thus forming the second gradient that directs terminal differentiation of muscle 
progenitor cells into fused myotubes.  Importantly, muscle stem and progenitor cells can be manipulated to co-exist with the 
differentiated muscle cells, thus recreating dynamically remodeling living tissue by controlling variable cell fate determination on 
a single substrate, through a gradient-based asymmetry in Notch signaling strength. 
 
“decoy” for natural ligands could be used to treat 
malignancies (4, 25, 38).  
 
6. CONCLUDING REMARKS 
  

The Notch signaling pathway has been 
extensively investigated  in many organisms and by using 
many experimental systems for ~ 90 years, thus it is truly 
remarkable that up-to-date studies of this pathway continue 
to shed light on the conserved molecular mechanisms by 
which cells communicate with each other, commit to a 
specific cell-fate and form organs and tissues.  The virtually 
universal ability of the Notch pathway to control cell 
behavior during embryonic development and in the adult, 
in combination with the reasonably well understood Notch-
specific signal transduction events, makes this network 

very adaptable for tissue engineering applications.  
Importantly, the bioengineering components that are 
necessary for the deliberate manipulation of Notch 
signaling are already in place, e.g. smart biomaterials able 
to pattern Notch ligands or create gradients of Notch 
agonists and antagonists.  Positioning initially equivalent 
cell populations in materials possessing asymmetric 
properties, with respect to the induction of Notch activity, 
has a great potential for ex vivo morphogenesis or for 
creating dynamically regenerating adult tissues composed 
of stem, progenitor and differentiated cell subsets derived 
from one cell-fate uniform population.  As an example of 
future avenues that utilize Notch signaling pathway in 
tissue engineering, we depict a hypothetical ex vivo adult 
myogenesis, orchestrated and controlled by gradient-based 
manipulations of Notch signaling, Figure 1. 
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