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Abstract Notch is a cell—cell signaling pathway that is involved in a host of activities
including development, oncogenesis, skeletal homeostasis, and much more. More specifically,
recent research has demonstrated the importance of Notch signaling in osteogenic differenti-
ation, bone healing, and in the development of the skeleton. The craniofacial skeleton is com-
plex and understanding its development has remained an important focus in biology. In this
review we briefly summarize what recent research has revealed about Notch signaling and
the current understanding of how the skeleton, skull, and face develop. We then discuss the
crucial role that Notch plays in both craniofacial development and the skeletal system, and
what importance it may play in the future.

Copyright © 2020, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Introduction

The Notch receptors are a group of receptors involved in a
variety of cellular functions. The gene got its name origi-
nally from Thomas Morgan’s seminal paper “The theory of
the gene” when he noticed a Drosphilia mutant with a
notched wing." We now know that the Notch family encodes
5 receptors (Notch1-5) that have a variety of ligands. The
Notch receptors are specifically involved in intercellular
signaling; the receptors are located on the cell surface
membrane and bind to ligands on neighboring cells. In
brief, Notch receptors have multiple highly conserved do-
mains including; Notch extracellular domain (NECD) that
binds to ligands, a negative regulatory region (NRR), and a
Notch intracellular domain (NICD) that is cleaved and
translocates to the nucleus during signaling.”™*

Notch signaling is highly conserved between species,*”
underscoring its important role from invertebrates to
humans. Notch signaling has been shown to be important in
a variety of human diseases including congenital syn-
dromes, such as Alagille’s,” as well as acquired diseases,
such as cancer.® Researchers have recently shown
increasing interest in the Notch pathway, a nod to a growing
understanding of its importance. A quick PubMed search
will show that publications with the keywords “Notch” and
“cancer” have increased from 71 in 2000 to more than 700
in 2018. Notch has also been shown to be involved in skel-
etal development, homeostasis, and disease.”'® Notably,
Notch dysfunction in bone can lead to brachydactyly,
spondylocostal dysostosis, and osteosarcoma; the mecha-
nisms of which will be discussed further in this review."
This research shows that Notch is important in bones and
skeletal development, and more recent research has also
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shown that Notch signaling contributes to the complicated
coordination of craniofacial embryogenesis. We hope to
summarize the important roles of Notch signaling, discuss
the implications of Notch signaling in craniofacial devel-
opment, the skeletal system, and in the context of disease
and therapies.

A brief note on gene and protein nomenclature-in our
review we reference genes and proteins using the nomen-
clature dictated by the HUGO Gene Nomenclature Com-
mittee, the International Committee on Standardized
Genetic Nomenclature for Mice, and the Zebrafish Nomen-
clature Committee (ZNC). For example, the gene and pro-
tein Bone Morphogenetic Protein-9 will be referenced as
follows: BMP9 (human protein), Bmp9 (mouse protein),
bmp9 (zebrafish protein), BMP9 (human gene), Bmp9
(mouse gene), bmp9 (zebrafish gene).

Overview of Notch signaling

In this section we will describe the Notch receptors
including their structure and downstream signaling. The
mammalian Notch signaling pathway consists of four
evolutionarily conserved single-pass transmembrane re-
ceptors (Notch1, 2, 3, 4) that bind to five canonical ligands
through juxtacrine signaling.'°

Notch receptors

Simply put, Notch receptor structure varies slightly by type,
but all include an extracellular domain (NECD) consisting of
29-36 epidermal growth factor (EGF)-like repeats, a
negative regulatory region (NRR), consisting of 3 LNR-Notch
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repeats and the heterodimerization domain, and an intra-
cellular domain (NICD) that is eventually cleaved, trans-
located to the nucleus, and responsible for activating
transcription.?

Prior to expression in the cell membrane, the precursor
receptor protein is cleaved in a ligand independent manner
(51 cleavage) at the heterodimerization domain by furin-
like convertase in the golgi apparatus to convert the 300 k-
Da sequence into a 110—120 k-Da sequence (including the
NICD) that heterodimerizes with the 200 k-Da NECD
sequence, held together by Ca2+ dependent ionic
bonds.'?~'* This cleavage process is regulated by c-Src, and
the c-Src mediated Notch1-Furin interaction is further
induced by Tgf-a and Pdgf-BB." Post cleavage the NECD
EGF region is glycosylated, most prominently through the
addition of O-fucose, O-GlcNac, and O-glucose, regulating
ligand affinity, recognition, and binding, as well as surface
stability and expression.'® This series of glycosylations has
been shown to be essential to proper receptor functioning
and signaling through a series of enzymatic knockout ex-
periments, most likely by ensuring proper tertiary structure
for cleavage of the intracellular domain post ligand
binding."”

Notch ligands

The canonical ligands, which are single-pass trans-
membrane proteins that all possess a Delta/Serrate/Lag-2
(DSL) domain and a conserved EGF-like repeat region,
include three members of the Delta-like family (Dll1, DU3,
and Dll4) and two members of the Jagged family of Serrate
homologs (Jag1, and Jag2).'® In the canonical pathway
these ligands bind to and activate receptors on adjacent
cells (trans-activation), but ligands are also able to interact
with receptors on the same cell (cis-inhibition and cis-
activation). Cis-inhibition (and its interplay with trans-
activation) has been shown to be important in numerous
processes, including neuroepithelial differentiation and
postnatal human epidermis differentiation, with DIl1 acting
as a trans-activator when expressed on an adjacent cell and
acting as a cis-inhibitor when expressed on the same
cell.”®2° Though less well understood and often masked by
cis-inhibition, recent evidence has been uncovered the role
of cis-activation, which potentially also plays a part in cell-
fate determination and patterning.?'*2

In addition to the Delta and Serrate families of ligands, a
range of other ECM-expressed proteins and micro-
environmental factors have been shown to interact with
the Notch pathway through a variety of mechanisms,
including direct ECM-receptor interactions, indirect tran-
scription mechanisms, interactions with other pathways,
and biochemical and biophysical factors.'%%

Signal transduction and pathway

In the canonical ligand binding pathway, the receptor
ligand interaction is followed by trans-endocytosis of the
NECD of the receptor into the ligand cell, resulting in an
outward force on the receptor that exposes the S2 site
within the NRR region for cleavage by a series of ADAMs
proteins, thereby freeing the NECD. Fig. 1 summarizes the

Notch transduction pathway. Experiments have shown that
sole ligand binding with no outward force from trans-
endocytosis results in the NRR region remaining as a
structural inhibitor, thus preventing S2 cleavage by
ADAMs."? Following S2 cleavage, the NICD is separated from
the cell-membrane through an S3 cleavage by ySec (gamma
secretase), which binds to the residual 12aa ectodomain
formed by the S2 cleavage through the nicastrin subunit in
the ySec protein.?*%

The newly freed NICD is then promptly translocated to
the nucleus, where it forms a transcriptional regulatory
complex with Rbpjk and Maml to regulate and activate
transcription of target genes.?® In the absence of NICD the
Rbpjk and Maml complex binds with transcription re-
pressors, but the formation of the NICD-Rbpjk-Maml com-
plex dispels the repressors and recruits transcription
activators. Following transcription, the Maml protein re-
cruits CdK8, which phosphorylates NICD, and also recruits a
series of proteins that ubiquitinate the NICD, ultimately
resulting in its degradation, reverting the complex to a pre-
NICD state of transcription repression.'®

It is important to note that there has been sizeable ev-
idence for Notch signaling pathways outside of the well-
studied canonical one, most prominently in various cancers
and immune system function. For example, ySec inhibition
did not block all Notch functioning in cancer cells, Rbpjk
knockout mice showed that non-canonical Notch-4 signaling
is involved in mammary gland tumorigenesis, and numerous
studies have shown Th cell differentiation to be driven by
Notch signaling, but independent of Rbpj«.%’

Notch downstream targets

The downstream targets of the Notch pathway are the
families of Hes and Hey proteins, evolutionarily conserved
basic helix-loop-helix (bHLH) proteins that typically act as
transcription repressors. '° Of the seven Hes proteins (Hes1-
7), all except Hes2 and Hes3 are targeted by the Notch
pathway, as are all three of the Hey proteins (Hey1, Hey2,
HeyL). Given the pleiotropic nature of Notch signaling and
the wide swath of phenotypes it is involved in, it comes as
little surprise that the Hes and Hey proteins have a range of
functions.

Hes1, 3, and 5 have been shown to be involved in
delaying differentiation of neuronal stem cells, both in
adults and development. Specifically, mouse Hes1 has been
observed to act through an oscillatory relationship with
Achaete—scute homolog 1 (Ascl1), which activates the
regulators of cell cycle progression.?® Further, human HES3
has been shown to increase malignancy in lung cancer.?
Similarly, human HES6 has been shown to not only act as
an inhibitor of HES1 (and thus promote neuronal differen-
tiation), but also promote aggressiveness in multiple can-
cers including prostate and colorectal.’* 32 Hes4 drives
osteogenesis and inhibits adipogenesis by inhibiting Twist-
1.3 Hes7 plays a notable role in somitogenesis, and is
controlled not only by the Notch pathway, but also the E-
box and T-box pathways.>*

The Hey proteins are required for vascular development,
and also partake in a range of other functions.>® For
example, HeyL plays a critical role in muscle stem cell
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Notch signaling overview. This figure summarizes the signal transduction pathway of Notch. (1) Furin cleaves the

precursor receptor in the golgi apparatus and the NECD heterodimerizes with the NICD. (2) NECD is glycosylated. (3) Notch ligands
attached to the same cell are able to inhibit (cis-inhibition) Notch receptors. (4) Notch ligands on adjacent cells activate (trans-
activation) the Notch heterodimer. (5) NECD is trans-endocytosed by the ligand cell. (6) S2 site exposed on the NRR region is
cleaved by ADAMs proteins. (7) NICD is freed from the cell membrane through S3 cleavage by ySec. (8) NICD translocates to the
nucleus where it forms a transcriptional regulatory complex with Rbpjx and Maml. (9) NICD is ubiquinated and degraded reverting

the complex to state of repression.

proliferation in overloaded muscles, and Hey2 has been tied
to amyloid B-protein production in Alzheimer’s mice and
increased malignancy for both hepatocellular and non-
small cell lung carcinoma.***’ Similarly, human HEY1 has
also been shown to drive proliferation of various carci-
nomas and prevent differentiation of neural stem cells in
the adult brain.3® %

Notch signaling crosstalk

The Notch pathway has interactions with many other
important cell signaling pathways. In this section we will
highlight Notch crosstalk with the NFkB pathway, as well as
with some other oncogenic pathways, while Notch crosstalk
with the Bmp, Hedgehog, and Wnt pathways will be dis-
cussed later. Fig. 2 provides an overview of the interacting
signals involved in the Notch pathway. The full scope of
NFkB signaling is beyond the scope of this paper, but in
brief, the NFkB pathway is classically activated during
inflammation but has also been shown to be important in
cancer biology as well.*' The NFkB family consists of homo
or heterodimers made up of p50, p65, c-Rel, p52,and
RelB.**~* These proteins are sequestered in the cytosol by
IkB inhibitor proteins including IxB-e, IxB-B, IxB-¢, Bcl-3, as
well as NFkB precursor proteins p100 (p52 precursor) and

p105 (p50 precursor).*>** For further reference the reader
is referred to the comprehensive review by Osipo et al.*
Crosstalk between Notch and NFkB has been shown to be
bidirectional and have a variety of mechanisms. One study
showing the transcriptional regulation of Notch on NFkB,
showed that Notch-1 induces NFkB2 promoter activity
increasing the transcription of p700.*> In another direction,
NFkB transcriptionally upregulates Jagged-1 and that NFkB
and Notch-2 can have a synergistic effects, both in B
cells.“®*” Other studies have also shown that Notch-1 and
NFkB physically interact in the nucleus,”®* and more
recently a study showed that Notch and NFxB are novel
coregulatory signals of miR-223, a cancer associated
microRNA, and the tumor suppressor FBXW7 in T-ALL
cells.*” Notch and NFkB pathways are obviously intertwined
in complex ways and further exploration of this relationship
may Yield important cancer therapies and insights.

Other oncogenic pathways that Notch has been recently
shown to interact with include inflammatory cytokines such
as IL-1 and Leptin. Leptin is classically known as a regulator
of food intake, but has also been implicated as an inflam-
matory marker. It has also recently been shown to be
important in tumorigenesis, especially breast cancer.’®>"
Leptin is the product of the Ob gene and is a protein that
signals by binding to one of its six extracellular receptors
(obRa-obRf) in a 1:1 fashion.’? Intracellularly Leptin has
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pathways discussed in the review. BMP activates the SMAD protein which is thought to interact with the intracellular NICD. Hh
signaling activates Gli1/2 which causes transcription of Hes1, a shared target with Notch. Leptin signaling activates SOSC3 which
downstream upregulates transcription of the Notch receptor. Wnt signaling causes transcription of the Runx2 transcription factor,

which is inhibited by Hey1.

been shown to signal through a variety of cascades
including Jak/Stat, Mapk, Irs1, and Socs3.%%°*7>> One study
showed that in breast cancer cell lines, Leptin upregulated
Notch receptors, ligands, and target genes. It was also
demonstrated that the tumorgenic effects of leptin were
abrogated when Notch signaling was blocked by DAPT, and
that Notch activation by Leptin was blocked when IL-1
signaling was blocked by antibody.’® The same group
recently published a study showing that Notch blockade
similarly decreased the effects of Leptin on pancreatic
cancer cells.”” These studies provide persuasive evidence
of Leptin—Notch interaction, but the mechanism remains
unclear. Although the evidence on the Leptin—Notch axis is
evolving, it holds promise as an important part of cancer
biology.

Notch in bone and the skeletal system

The human skeleton consists of bone derived from meso-
derm, except for the skull, which is developed from neural
crest along with mesoderm. During embryogenesis, the
skeletal system is formed via the coordinated action of
chondrocytes and osteoblasts, which form cartilage and
bone, respectively.’® Cartilage generated by chondrocytes
is later ossified to form bone via endochondral ossification
(eg. limb long bones). Bone can also be formed directly
from mesenchymal condensation via intramembranous
ossification (eg. skull bones). This ossification process
continues postnatally until the mid 20s.>° In the adult
skeleton, bone homeostasis continues via the coupled

action of osteoblasts and the bone-resorbing osteoclasts.
The Notch signaling pathway has emerged as an important
component of both skeletal development and homeostasis,
and as a possible therapeutic target for many clinical
problems.>®

Skeletal development

In embryogenesis cartilage is formed from condensed
mesenchymal tissue that has differentiated into chon-
drocytes.®® In this early stage, most of the skeleton is
cartilaginous until it is later replaced by bone via ossifi-
cation. Notch signaling has been shown to play a
role in both chondrogenesis, osteoclastogenesis, and
osteoblastogenesis.®'¢?

During cartilage and bone development in embryogen-
esis, a common precursor cell, the mesenchymal progenitor
cell, condenses and differentiates into an osteochon-
droprogenitor cell. Osteochondroprogenitor cells can then
differentiate into either osteoblasts or chondrocytes,
depending on the input they receive from transcription
factors. The transcription factor SRY-box transcription
factor 9 (Sox9) induces chondrocyte differentiation,
whereas the runt-related transcription factor 2 (Runx2)
induces osteoblast differentiation. The stages of differen-
tiation in the chondrocytic lineage are the osteochon-
droprogenitor cell, condensed mesenchyme, proliferating
chondrocytes, prehypertrophic chondrocytes, and finally
hypertrophic chondrocytes. Rapid mitosis occurs in the
stages before hypertrophic chondrocytes are formed, which
occurs during endochondral ossification.
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During normal chondrogenic differentiation, NICD is not
expressed in the proliferative zone, but is instead
expressed in the prehypertrophic and hypertrophic carti-
lage zones, the zone at which chondrocytes stop mitosis
and begin to hypertrophy. Inhibition of Notch signaling
during prehypertrophic and hypertrophic chondrocyte
differentiation leads to an increase in chondrocyte pro-
liferation, which ultimately results in decreased bone
formation.®*®* The predominant Notch receptor carrying
out this role in chondrocyte differentiation is the Notch-2
receptor.®> The mechanism by which Notch regulates
chondrocyte differentiation is through inhibition of the
collagen type Il promoter (Col2at), the gene encoding the
major cartilage matrix protein.®® Once the Notch-related
transcription factors Hes1 and Hey1 are activated, they
bind to Sox9 enhancer, suppressing Sox9 gene expres-
sion.®® However, Sox9 is co-expressed with Col2at, so
Col2a1 expression is also suppressed. Furthermore,
downregulation of Notch-related transcription factors in-
creases the expression of these chondrogenic transcrip-
tion factors.®*°” These studies show that Notch signaling
decreases chondrogenesis tipping the scale in favor of
osteogenesis.

The second major role that Notch signaling plays in
skeletal development is in osteoblastogenesis. During
osteoblastogenesis, osteoblast precursors proliferate and
expand, eventually mineralizing as mature cells. The stages
of differentiation in the osteoblastic lineage are the
osteochondroprogenitor cell, perichondral cells, preosteo-
blasts, and finally osteoblasts. Depending on the differen-
tiation stage of osteoblasts, Notch signaling may variably
have a suppressive or inductive effect. Overall, NICD over-
expression suppresses the differentiation of early-stage
precursors, promotes the proliferation of intermediate
osteoblast-lineage cells, and inhibits mature osteoblast
formation.®® In the early stage of osteoblastogenesis, the
key molecular switch for osteoblastic commitment is the
transcription factor Runx2.®® Downstream of RBPjk, Hey
transcriptional suppressors inhibit Runx2 activity, thereby
inhibiting the differentiation of osteochondroprogenitor
cells into perichondral cells (early stage).”®”" Inhibition of
early-stage precursors is mediated by Notch-2 through the
action of RBPjk.”® However, this effect is reversed in the
differentiation of perichondral cells into preosteoblasts
(intermediate stage), as NICD expression during this stage
promotes proliferation characterized by excessive immature
woven bone and fibrotic cells within the marrow cavity.”%”>
In this stage RBPjk is also the main mediator of Notch’s
function, as the effect of NICD is abolished upon deletion of
RBPjk.”® In the late stage, where preosteoblasts differen-
tiate into mature osteoblasts, Notch signaling once again
exhibits an inhibitory function.”? These results suggest that
Notch signaling suppresses the early and late stages of
osteoblastogenesis but induces the intermediate stage.

Skeletal homeostasis

Bone is a dynamic tissue that is continually adapted to
preserve skeletal size, shape, structural integrity, and
mineral homeostasis.”* The process of skeletal

homeostasis is achieved via bone remodeling. Bone
remodeling is the tightly regulated process of resorption
of existing bone by osteoclasts, followed by the forma-
tion of new bone by osteoblasts.”® This process is driven
by osteocytes, which detect and respond to hormonal
and mechanical stimuli to coordinate the function of
osteoclasts and osteoblasts.”® Multiple coordinated
cellular and molecular events work simultaneously to
regulate bone remodeling and thereby influence skeletal
homeostasis.”* Notch signaling has been shown to be
important for the proper differentiation and function of
osteoblasts and osteoclasts.

Osteoclasts differentiate from macrophage precursors
and have the unique ability of removing mineralized bone
matrix. Osteoclasts are activated when their surface-bound
receptor activator of nuclear factor kappa-B (Rank) is acti-
vated by a surface-bound receptor activator of nuclear factor
kappa-B ligand (RankL) on the osteoblast. Another key
inducer of osteoclast activity is macrophage-colony-
stimulating factor (M-Csf), which is also derived from osteo-
blasts. These two cytokines (RankL and M-Csf) are critical for
the differentiation and survival of osteoclast precursor
cells.”” Notch signaling is an important regulator of osteo-
clastogenesis, and it can have either suppressive or inductive
effects depending on the differentiation status of the oste-
oclast and the expression of certain ligands and receptors.®®
For instance, studies have shown that bone marrow macro-
phages with Notch1-3 deletions differentiate into osteoclasts
more rapidly than the wild type in response to M-Csf.”®
Macrophages with Notch1-3 deletions are also much more
sensitive to RankL and M-Csf.”® In contrast, another study
found that RankL induced expression of Notch-2 in bone
marrow macrophages during osteoclast differentiation.”’
These results suggest that Notch signaling can act as either
a stimulator or repressor of osteoclast differentiation based
on the expression of certain ligands and receptors as well as
the differentiation status of the cell.

Another major cell in the bone remodeling process is the
osteocyte, which is a dendritic-like cell that is formed when
an osteoblast becomes embedded in the matrix it has
secreted. Osteocytes function in skeletal homeostasis by
acting as mechanosensor cells that control the activity of
osteoblasts and osteoclasts. They do so by synthesizing
sclerostin, which antagonizes the activity of bone
morphogenetic protein (Bmp), ultimately inhibiting bone
formation.”®®° Notch plays a regulatory role in osteocytes
by modulating both osteocyte differentiation and the
mineralization mediated by osteocytes.®' Both early and
late osteocyte differentiation are influenced by Notch
signaling. Through Hes1 activity, Notch inhibits the trans-
membrane glycoprotein E11, which is a critical protein in
early osteocytogenesis. In the late differentiation stage of
osteocytes, Notch both directly represses phosphorylated
Akt and prevents the nuclear aggregation of B-catenin,
thereby inhibiting osteocyte differentiation.®>** In another
study, Notch inhibition significantly affected terminal
mineralization, leading to the spontaneous deposition of
calcium phosphate on collagen fibrils, alteration of mineral
crystal structure, and suppression of dendrite development
in osteocytes.®' Overall, these studies show that Notch
plays a regulatory role in the differentiation of osteocytes,
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osteoclasts, and osteoblasts. Notch activity influences the
properties of bone mineralization and is therefore an
important mediator of skeletal homeostasis.

Abnormal Notch signalling in skeletal disorders

We have discussed above the development of the skeletal
system and the role of Notch in the normal functioning of
the skeletal system. Aberrant Notch signaling has been
implicated in several genetic and sporadic disorders that
affect the skeleton which are summarized in Table 1. Here
we will examine a few specific examples of Notch signaling
involvement in skeletal disorders.

Osteosarcoma is the most common primary bone malig-
nancy and is the eighth most common primary tumor in
children accounting for 2.4% of pediatric tumors.?* Death
rates from osteosarcoma have been in decline but it is still
associated with significant mortality, especially if there is
metastatic spread, with a 27% 5-year survival rate with
distant metastasis.®®> Recent research has shown that
aberrant Notch signaling is involved in osteosarcoma path-
ogenesis and may be useful as a therapeutic target. One
study showed that NOTCH2, JAGGED1, HEY1, and HEY2
were overexpressed in human osteosarcoma cell lines, and
that inhibition of Notch signaling led to arrest of the cell-
cycle in G1.8¢ Other studies have shown that Notch is
important in the metastatic potential of osteosarcoma. One
study showed that inhibition of Notch signaling is associated
with a reduction of aldehyde dehydrogenase activity, and
an increase in Notch signaling led to an increase in inva-
siveness.®” Recently our lab has shown that BMP9 stimu-
lated osteosarcoma growth is at least partially mediated by
Notch signaling and that use of a dominant negative mutant
of NOTCH-1 can inhibit the pro-oncogenic activities of
BMP9.28 Furthermore, multiple recent studies have shown
that the Notch pathway will be an important target for
future osteosarcoma therapies.®* %2

Brachydactyly is a limb malformation characterized by
disproportionately short fingers and toes.”® There are many
different forms of brachydactyly that include syndromic
and non-syndromic forms. Studies have shown that at least
one form of syndromic brachydactyly is associated with
increased Notch signaling.’® In one particular study, cells
from patients with brachydactyly with a loss of CHSY1
showed an increase in JAG1 and NOTCH receptor expres-
sion.” Another study showed that loss of CHYS1 caused

Table 1

brachydactyly through BMP signaling, which supports the
other results showing that Notch functions downstream of
BMP.”>%® These results show that Notch signaling is impor-
tant in limb development.

Spondylocostal dysostosis (SD), previously called Jarcho-
Levin syndrome, is a disease of skeletal development and
growth. It presents with a characteristic phenotype
including a shortened thorax, rib malformations, scoliosis
of varying severity, and vertebral anomalies.”” Multiple
gene mutations and inheritance types have been associated
with SD. The most commonly associated mutation is a
delta-like 3 (DLL3) gene mutation resulting in truncated or
nonfunctional protein products, which is an autosomal
recessive form of the disease.”® A mouse model, pudgy
mutant mice, with a phenotype similar to SD has also been
produced through a DIl3 gene mutation, a functionally
equivalent allele.”

Dl(3 mutant gene products function as Notch ligands
with a transmembrane domain.'% DI(3 gene products act as
a dedicated inhibitor of Notch signaling.'”" As with many
other Notch-associated pathways, DI(3 has a cyclical effect
and results in different Notch expression levels at various
developmental time points."'% Specifically, DI[3 mutations
result in less severe effects in the presomitic mesoderm,
but cause large phenotypic defects.'” The skeletal defects
in SD patients with a DLL3 gene mutation are the result of
delayed somite formation, disrupted boundary formation,
and altered anterior-posterior polarity.'® Interestingly, SD
may also demonstrate an environment—gene interaction,
as many Notch gene disorders demonstrate increased
penetrance and worsened phenotypic severity in short-
term gestational hypoxia models.'® Greater understand-
ing of the many genes affecting Notch signaling, and
especially the complicated oscillatory control of expression
during development, may enhance our understanding of the
role of Notch disruption in skeletal disorders.

Notch and craniofacial development

The role of Notch signaling in craniofacial development is a
relatively new field with many unanswered questions. We
found there to be a lack of literature reviewing the known
role of Notch in the craniofacial system. In this section, we
will briefly summarize the normal development of the
human cranium and face, as well as discuss research which
has linked Notch signaling to this complex developmental
process.

Table of skeletal disorders associated with Notch signaling.

Disorder Gene(s) mutated

Clinical Manifestation

Spondylocostal dysostoses”®

DLL3, MESP2, HES7, LFNG

Dwarfism, vertebral anomalies

Brachydactyly®* CHYS1 Short digits, stunted growth
Hajdu—Cheney syndrome”" NOTCH2 Osteoporosis, fibular deformities
Osteosarcoma®®®? NOTCH2, JAG1, HEY1, and HEY2 Decreased bone density

Alagille Syndrome'*’ JAG1, NOTCH?2

Osteoporosis'® JAG1

Adams-Oliver Syndrome'®’

ARHGAP31, DLL4, NOTCH1, or RBPJ

Bile duct abnormalities, heart abnormalities,
craniofacial abnormalities

Fractures, decreased bone mineral density
Aplasia cutis, limb defects
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Overview of craniofacial development

Craniofacial development is a complex process that re-
quires the coordination of multiple pathways to be suc-
cessful. The full scope of craniofacial development is
beyond this review, but herein we provide some relevant
background.

Endoderm, mesoderm, ectoderm and its derivative
neural crest cells make up the building blocks of all adult
tissue and are derived from the trilaminar disc that the
zygote forms after implantation. Neural crest cells (NCCs)
have long been established as important players in cranio-
facial development, although only recently has their mul-
tipotent potential been shown in vivo.'®

The face is formed by groups of migrated cranial neural
crest cells (CNCCs) that interact with ectoderm and endoderm
to form the five facial primordia; the frontonasal prominence,
and the paired mandibular and maxillary processes.'%"%”
These processes form around the central depression, the
stomodeum, that will become the mouth. They begin to form
around the third week beginning with the mandibular pro-
cesses, followed by the frontonasal prominence.'”® The
frontonasal prominence, derived from ectoderm, develops
into two frontonasal processes each with a medial and lateral
nasal process. The medial nasal processes will fuse to become
the intermaxillary segment that develops the middle part of
the nose, philtrum, premaxilla, primary palate, and a portion
of the nasal septum. %%’ The mandibular processes, derived
from the first pharyngeal arch, grow quickly from both sides
and fuse in the midline creating the precursor to the lower
jaw.'® The maxillary processes, derived from the first
pharyngeal arch as well, grow inwards towards the nasomedial
processes; the fusion of the maxillary process with the naso-
lateral processes create the lateral nostril border and the ala
nasi. The fusion of the maxillary processes and the inter-
maxillary segment create the upper lip; the fusion of the
palatal processes of the maxillary processes creates the sec-
ondary palate; and the fusion of the maxillary processes and
medial nasal processes creates the primary palate.'""°
Failure during the development can lead to pathology such
as craniofacial clefts, for which two theories of pathogenesis
have been proposed. The classic theory proposes that it is a
failure of fusion of the facial processes that leads to
clefts,""""""2 while the second theory proposes that a failure of
mesenchymal penetration to support the epithelial walls leads
to dehiscence and resulting clefts.'>~""5

The bones of the skull vault are made up of both cranial
mesoderm and neural crest cells.''® The mesoderm and
neural crest cells go through epithelial-mesenchymal
transformation and migrate to their locations in the pri-
mordial skull.""” Migrating mesenchymal cells form the
bone primordia by condensing and forming membranes that
respond to the growth of the underlying brain."'® These
then expand apically and laterally to create the cranial
sutures, which become the vital structures regulating skull
growth.""” Bones of the skull form by intramembranous,
rather than endochondral, ossification. This means that the
bone is created directly from the progenitor mesenchyme
rather than from cartilage.'?® Intramembranous ossification
starts in the bone primordia around the 7th or 8th week
with the bone formation spreading centrifugally from the

center of the future bones to form osteogenic fronts at the
suture lines."”" The cranial base, however, is formed by
endochondral ossification.'?? The sutures are important in
the regulation of skull growth - they remain patent in order
to allow growth while at the same time they function as the
site of new bone development. Skull expansion and bone
development are at a delicate balance: too much osteo-
genesis leads to premature fusion while too little osteo-
genesis leads to suture agenesis.'?

All of these processes are controlled by interacting
signaling pathways involving the bone and surrounding tis-
sues. Although many of the underlying mechanisms and
interactions have yet to be fully defined, the remainder of
this review will cover some of the important known path-
ways as well as highlight the role of Notch signaling in this
process.

Overview of craniofacial development signaling
pathways and their crosstalk with Notch

Here we will discuss some of the important signaling
pathways other than Notch that are involved in craniofacial
development. Bmp, Wnt, and Hedgehog have all been
proposed to involve crosstalk with the Notch pathway.
Table 2 summarizes the multitude of pathways involved in

Table 2  Major signaling pathways involved in craniofacial
development.

Pathway Examples of related processes or
disorders

BMP Involved in facial, tooth, cranial
suture, and palate morphogenesis.'%’

Hippo Involved in skull growth,

odontogenesis'”®

FGF Disorders can cause craniosynostosis,
skeletal dysplasias, many others'”’
Involved in palate, skull, and face
development, disorders can cause
holoprosencephaly, frontal bone
dyplasias, many others'’?
Involved in epithelial-mesenchymal
transition, disorders can lead to
multiple craniofacial
malformations.'”?
Involved in soft palate development,
knockout can lead to cleft palate.'”*
Wnt Involved in fate determination of
many cells, knockout can lead to
brain, lip, and palate
malformations.'”*17¢

Hedgehog

Endothelin

TGFB-3

ROCK/TAZ Involved in mechanical transductions
and osteogenic differentiation’””
Nell-1 Involved in cranial suture patency and
fusion as well as osteogenesis.'”®
Twist Involved in cranial suture

morphogenesis, heterozygote loss
causes coronal fusion."”?
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craniofacial development and some of the findings that
have been associated with that pathway.

Bmps transduce signals by binding to Bmp receptors
(BmpR). Ligand binding induces phosphorylation of the re-
ceptors, which then activate canonical signaling via re-
ceptor Smad.”* The Bmp signal activates Smad1, Smad5
and Smad8, which upon phosphorylation can associate with
Smad4 (common Smad) into a heterodimeric complex that
is further translocated to the nucleus where it activates
transcription. The Bmp pathway has been shown to be vital
for early mesenchymal stem cells as well as later in
craniofacial bone structuring.'?*'?° Studies have shown
that Bmp signaling and its downstream target Msx2 are
important in the differentiation of osteogenic precursor
cells in the initial phases of calvarial bone development, as
well as in odontoblast formation.'?>'2¢ Others have shown
that Bmp signaling affects the spatial formation of facial
development, such as Bmp4 causing abnormal maxillae and
mandible in mice,'?* and Bmp5 and Bmp7 knockout mice
having reduced branchial arch size."”” In particular, the
Bmp and Notch pathways seem to intersect with regards to
Runx2, a key transcriptional regulator of osteoblast differ-
entiation. As we have discussed Runx2 is inhibited by Hes1
and can be upregulated by Bmps. Studies have shown that
Runx2 knockout mice lacked intramembranous or endo-
chondral ossification and the heterozygous phenotype
mirrored the clavicular and cranial deformities of human
genetic correlate cleidocranial dysplasia.’”® Some reports
propose that Notch signaling enhances Bmp-induced
osteoblastogenesis. One study found that activating Notch
signaling in MC3T3-E1 cells with adenovirally-overexpressed
NICD stimulated Bmp2-induced osteoblastogenesis, which
was shown via elevated ALP-expressing cells and newly
formed calcified nodules.'?®'?° Interestingly there have
been other reports, also in MC3T3-E1 cells, showing that if
the cells overexpress Bmp2, stimulation of Notch targets
suppress Bmp2 induced osteoblastogenesis. '*° There is thus
a complex relationship between the Bmp and Notch
signaling pathways.

The Wnt pathway is another highly conserved pathway
due its regulation of critical functions in the body from
embryogenesis to adulthood. In the canonical pathway
(Wnt/B-catenin), one of the Wnt ligands binds to the
extracellular domain of the Frizzled G-protein receptor,
lipoprotein receptor-related protein (Lrp), and neuro-
trophic tyrosine kinase, receptor-related 2 (Ror2), leading
to the accumulation of B-catenin in the cytoplasm with its
subsequent translocation into the nucleus to act as a
transcription factor.* Wnt3 and Wnt9b were found to be
expressed in facial ectoderm at crucial stages of midfacial
morphogenesis during mouse embryogenesis. Wnt3 was
seen primarily in maxillary and midnasal ectoderm, while
Wnt9b was highly expressed in midnasal, maxillary, and
lateral nasal ectoderm.’ Studies in Zebrafish have also
shown that wnt signaling is important in the dorsal-ventral
patterning of the craniofacial skeleton and the wnt defi-
ciency leads to lower jaw defects.’*' Wnt action is thought
to mostly occur by effects on neural crest cells in the
developing craniofacial skeleton, and through its in-
teractions with the BMP pathway.’*""*> Wnt and Notch
pathways overlap and interact during development, with
studies showing their importance in the development of the

ear and tongue.'*'3* Notably activation of the Wnt
pathway causes transcription of the Runx2 gene, and it has
been shown that Hey1 inhibits Runx2 transcriptional activ-
ity on osteoblastic genes.'® One recent study showed that
in the developing mouse cochlea, Wnt regulates Notch gene
expression and antagonizes Bmp4, highlighting how the
three pathways influence each other during develop-
ment."*® In another study Notch overexpression inhibited
osteoblastogenesis through an inhibition of the Wnt
pathway.'”®” Interestingly, multiple recent reviews and
studies have highlighted the Hippo pathway interaction
with both the Notch and the Wnt pathway that occur during
development. 387140

The Hedgehog pathway influences cell differentiation
during early embryogenesis. The Hedgehog protein family
consists of three ligands: Sonic Hedgehog (Shh), Indian
Hedgehog (Ihh), and Desert Hedgehog (Dhh), of which only
two are expressed within the craniofacial paradigm (lhh and
Shh).'® Hedgehog ligands bind to the responding cell via its
12-pass transmembrane receptor Patched (Ptc), which acts
as a natural inhibitor of the protein SMO, another trans-
membrane protein. Shh binding to Ptc allows Smo to trans-
duce the signal to the cytoplasm of the responding cell which
leads to the activation of nuclear transcription factors.'® Shh
is a key factor essential for early craniofacial development.
Shh is present throughout the axial mesendoderm and is
important in establishing portions of the eyelid and ventral
forebrain. Specifically, Shh signals in three domains in
development; the neuroectoderm of the ventral forebrain,
the ectoderm of the facial midline, and pharyngeal endo-
derm.” The fundamental nature of Shh in craniofacial
development was demonstrated when Shh knockout mice
presented with severe craniofacial defects including alobar
holoprosencephaly and cyclopia.?'® Similarly, Ihh is impor-
tant for bone growth during maturation. In an /hh deletion
study, chondrocytes of mice carrying conditional and induc-
ible null alleles of /hh resulted in permanent defects in bone
growth, inhibiting proliferation and promoting differentia-
tion of chondrocytes, and ultimately leading to dramatic
expansion of the hypertrophic zone and truncation of bone.'?
Studies have shown crosstalk between Notch and Hedgehog
signaling; for example, mice with a Jagged mutation showed
a difference in the patterning of Shh expression.’*! Also
notably both Notch and Hedgehog pathways converge on the
upregulation of the Hes1 transcription factor.’*> Another
study showed that Notch positively regulates Shh expression
and that secreted Shh may be involved in the cell fate switch
induced by Notch.'** More evidence of Hedgehog—Notch
interaction comes from the enteric system, as one study
showed that Hedgehog deficient mouse embryos showed
Notch overactivity in the gut, and that recombinant Shh
could override Notch-induced death of cultured mutant gut
mesenchymal cells.'*

As discussed, Notch is important on many different as-
pects of the developing cranium and face. These Notch-
specific aspects of craniofacial development are high-
lighted are highlighted in Fig. 3, showing where studies
have shown Notch functions so far. The developmental
pathways of Notch, Bmp, Wnt, and Hedgehog have all been
shown to interact together during patterning, ALS, hypoxia,
and in carcinogenesis, and there have been many studies
showing how these pathways interact. For further reading
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Loss of Jagged1 in cranial suture

can cause craniosynostosis

Notch is highly expressed in the

mandibular cartilage

Figure 3

Cochlear/hair cell defects seen
with Notch mutations

{) Stapes defects seen in Alagille

syndrome

The role of Notch signaling in craniofacial development. This figure highlights the regions discussed in the review in

which Notch has shown to be important in the developing face and skull, notably in the mandible, ear, and cranial suture.

on signaling pathway crosstalk we direct the reader to
recent reviews discussing these pathways, 414148

Abnormal Notch signaling in craniofacial
disorders

Given the significant role of Notch signaling in craniofacial
development described above, it follows that many
studies have been done using transgenic mouse models to
look at the phenotype of animals deficient in a certain part
of the pathway, some of these findings are summarized in
Table 3. The Notch pathway itself functions to coordinate
the developing skeleton and face, with probably the most
important example being Alagille syndrome. Alagille syn-
drome is an autosomal dominant disorder defined by ab-
normalities of the face, liver, heart, skeleton, eye, and,
less frequently, kidney.'*’ Alagille is a relatively rare dis-
order, affecting 1:70 000 live births, and also is associated
with bile duct and liver abnormalities in infants."*° Alagille
syndrome is frequently associated with JAGGED1 (a ligand

of Notch) mutations, with a minority of patients having a
mutation in NOTCH2."' Alagille syndrome has been a
model for studying Notch signaling and its downstream
effects in humans, and many of the discussed studies arise
from observations made in patients with Alagille
syndrome.

Alagille syndrome is associated with characteristic
facies; researchers have shown that this may be in part
because the Jagged-Notch pathway is responsible for the
limiting the dorsal extent of ventral genes in the face.'®
The study showed that in transgenic Zebrafish, jag1 mis-
expression lead to repression of ventral gene expression
and dorsalization of the ventral hyoid and mandibular
skeletons. They also showed that loss of function mutation
in jagged1b caused the opposite phenotype with dorsal
expansion of ventral gene expression and partial trans-
formation of the dorsal hyoid skeleton to a ventral
morphology. These results taken together with other find-
ings demonstrated that the Notch signaling pathway pro-
vides vital instructions for the basic patterning of the face
during development.'?
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Table 3 The phenotypes of Notch receptor/ligand mouse knockouts.
Knockout Phenotype Reference
Notch-1—/— Lethal at E9, somitogenesis is disturbed Conlon et al."®°
Notch-2—/— Lethal at E11.5, cardiovascular and kidney defects McCright et al."®"
Notch-3—/— Normal viability and fertility Krebs et al.'®?
Notch-2—/—, Notch-3—/— Lethal at E11.5, severe vascular abnormalitites Wang et al.'®
Notch-4—/— Normal viability and fertility Krebs et al.'®*
Notch-4—/—, Lethal at E10.5, severe defects in angiogenic Krebs et al.'®
Notch-1—/— remodeling
Jag1—/— Lethal at E10, defects in remodeling of the Xue et al.'®
embryonic and yolk sac vasculature.
Jag2—/— Perinatal lethality, cleft palate due to fusion of Jiang et al.™
unelevated palatal shelves with tongue, limb and
thymic defects.
Dl1—/— Lethal at E12, defect in patterning due to loss of Angelis et al.'®®
compartmentalization of somites Hrabé de
Dll4—/— Lethal at E10.5, major defects in arterial and Gale et al."®’

vascular development

As previously discussed, the cranial sutures that form
between the osteogenic fronts of the developing bones are
vital structures in the development of the skull. In-
vestigators have shown that the Notch pathway plays an
important part in regulating the patency of sutures, with
mutations leading to premature fusion known as craniosy-
nostosis. Briefly, the coronal suture is formed between the
neural crest derived frontal bone and the mesodermal
derived parietal bone,""® and the boundary between them
is defined by their respective osteogenic fronts separated
by a non-osteogenic suture mesenchyme in the middle.""® A
collection of studies including Merrill et al 2006'>3, Yen et al
2010, and Ting et al 2009'°° showed that the loss of
definition in this osteogenic-nonosteogenic boundary
caused by defective Notch signaling may be the underlying

mechanism in some instances of premature fusion in the
coronal suture.

As discussed, Jagged is a ligand of Notch receptors. In
humans, JAGGED1 mutations cause Alagille syndrome.
While craniosynostosis is not a common symptom in Alagille
syndrome, there have been reports of a conserved form of
craniosynostosis in some patients.'®® Fig. 4 shows the 3D
reconstructions of a CT scan of a patient with Alagille
Syndrome with fusion of all sutures except the coronal su-
ture." Further study of the action of the Jagged1 ligand in
mouse cranial sutures showed that conditional inactivation
of Jagged1 allowed migration of cells from the mesodermal
compartment to the neural crest compartment of the cor-
onal suture leading to loss of the osteogenic-nonosteogenic
compartment.'>* Furthermore Notch-2 was expressed more

Figure 4

complete fusion of all sutures except the coronal suture.’’

Preoperative and post-operative 3D reconstruction of a CT scan performed on a child with Alagille syndrome who had
(A) Sagittal T1 magnetic resonance image shows cerebellar tonsils

hanging down below the foramen magnum. (B) Preoperative 3-dimensional cranial tomography reconstruction shows findings
indicating that only the coronal suture is open and other sutures were fused. (C) Postoperative cranial tomography reconstruction
image shows the details of craniotomy performed and the fused lambdoid suture. Reprint permission was granted by the authors
and publisher (Yilmaz et al 2012, Pediatric Neurology, License number: 4775991160929).
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widely in the Jagged? mutants and expressed within the
suture mesenchyme leading to a more osteogenic pheno-
type.'® This was supported by experiments showing that
Hes1, a downstream target of Notch involved in osteo-
genesis, '>® was detectable in the Jagged? mutant sutures.
The study further showed that Jagged? has a epistatic
relationship with Twist1, a widely studied transcription
factor in which mutations cause Saethre-Chotzen syndrome
and craniosynostosis.'>* "> Interestingly Notch and Twist
have both been shown to be highly expressed in mandibular
condylar cartilage of mice as well, showing that they may
work together in craniofacial development in locations
other than the cranial suture.' These results provide
convincing evidence that Notch signaling plays an impor-
tant role in the development of the cranium.

Some studies have shown that patients with Alagille
syndrome may have hearing loss'®""'®? which raised the
possibility that there were defects in both the neural for-
mation of the ear but also the formation of the ossicles.
One study showed that mice with Jagged? or Notch2
deleted in neural crest cells showed stapes defects.'®* The
authors of this study further showed that the defects in the
stapes in mutant mice were similar to the defects in the
stapes seen in patients with Alagille syndrome induced
hearing loss, and while they note that they were unable to
examine many patients with Alagille, this provides
persuasive evidence that the Jagged-Notch pathway plays a
role in the formation of the middle ear.'® Other pheno-
types of mice with Notch pathway mutations are summa-
rized in Table 3.

All of these studies show that Notch signaling plays a
critical role in the development of the face. It directs the
basic patterning of the facial axis, and is important in the
development of many structures such as the middle ear.
Fig. 3 displays the location of known Notch signaling effects
that were discussed in this section. Future studies will
continue to unravel the complex mechanism through which
Notch works.

Conclusions and future directions

There have been some exciting recent advances using
Notch signaling as a therapeutic target. Most notably, a
group of investigators demonstrated that intraoperative
delivery of Jagged1 lead to increased bone apposition and
defect healing.'® Specifically, Jagged1 was loaded onto a
collagen scaffold and injected the polymer into appendic-
ular (femoral) and craniofacial (skull) surgical defects.
They had previously shown that Jagged1 loaded onto a
scaffold was able to induce osteogenesis in human mesen-
chymal stem cells.'®® The study showed that the scaffold
loaded with Jagged1 led to a recovery of 43% of the bone
volume in the craniofacial defect, 671% more than the
vehicle control, and compared to a Bmp2 group the bone
remained more in line with the original defect. It was
concluded that Jagged1 could provide a useful tool in the
future to help repair bone defects.

This research provides background in which Notch
signaling and Jagged can be used as a growth factor in the
tissue engineering triad of scaffold, cells, and growth fac-
tors.'®® We ourselves have shown that the upregulation of

Notch signaling may be a successful bone tissue engineering
strategy by using Imiquimod, a Notch activator, to synergize
Bmp9-induced osteogenesis.'®’ Notch signaling has been
shown to play an important role not only in the patterning
of the skeleton but also in its homeostasis and regenera-
tion. Many studies have shown both gain-of-function and
loss-of-function Notch mutations causing disparate and
complex skeletal disorders. Further research can help
develop new therapies to treat these disorders. The future
of Notch research will also help further clarify its role in
craniofacial development so we can better understand the
abnormalities that occur when there is a deficiency.
Craniofacial abnormalities remain a common occurrence,
occurring in 1:1600 births according to WHO, and research
in this field is far from complete. Further understanding of
this pathway and others can also help us identify the subtle
interplay that occurs during development to produce the
variations that we see in normal and abnormal develop-
ment of the face and skull.
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