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Notch (Notch1 through 4) are transmembrane receptors that determine cell differentiation
and function, and are activated following interactions with ligands of the Jagged and
Delta-like families. Notch has been established as a signaling pathway that plays a
critical role in the differentiation and function of cells of the osteoblast and osteoclast
lineages as well as in skeletal development and bone remodeling. Pathogenic variants
of Notch receptors and their ligands are associated with a variety of genetic disorders
presenting with significant craniofacial and skeletal manifestations. Lateral Meningocele
Syndrome (LMS) is a rare genetic disorder characterized by neurological manifestations,
meningoceles, skeletal developmental abnormalities and bone loss. LMS is associated
with NOTCH3 gain-of-function pathogenic variants. Experimental mouse models of
LMS revealed that the bone loss is secondary to increased osteoclastogenesis due to
enhanced expression of receptor activator of nuclear factor kappa B ligand by cells of the
osteoblast lineage. There are no effective therapies for LMS. Antisense oligonucleotides
targeting Notch3 and antibodies that prevent the activation of NOTCH3 are being tested
in preclinical models of the disease. In conclusion, LMS is a serious genetic disorder
associated with NOTCHS pathogenic variants. Novel experimental models have offered
insight on mechanisms responsible and ways to correct the disease.

Keywords: lateral meningocele syndrome, Lehman syndrome, genetic disorders, Notch, osteoporosis, osteoblast,
osteoclast

NOTCH RECEPTORS AND LIGANDS

Notch are receptors that determine cell differentiation and function. Recent investigations have
established Notch as a signaling pathway that influences the differentiation of cells of the osteoblast
and osteoclast lineages and as a consequence their function and the regulation of bone remodeling
(Bai et al., 2008; Engin et al., 2008; Fukushima et al., 2008; Hilton et al., 2008; Zanotti et al., 2008;
Canalis et al., 2013a,b; Zanotti and Canalis, 2016). In addition to its role in skeletal homeostasis,
Notch plays an important function in skeletal development.

There are four Notch (NOTCHI1 through NOTCH4) receptors, and they are activated following
interactions with Notch ligands, which like Notch receptors, are transmembrane proteins. These
classic Notch ligands are termed JAGGED 1 (JAG1) and JAG2, and Delta-like 1 (DLLI), DLL3
and DLL4. Notch receptors have a complex structure and NOTCH1 through NOTCH4 share
basic structural features (Figure 1). The extracellular domain consists of 29-36 epidermal growth
factor (EGF) repeats, and EGF repeats 11 and 12 are the site of interactions of Notch with its
ligands although EGF repeats 24-29 (Abruptex region) modulate the interaction at EGF repeat
11 and 12 and as a consequence Notch activation (Kelley et al., 1987; de Celis and Bray, 2000;
Xu et al,, 2005). The negative regulatory region (NRR) rests where the extracellular domain meets

Frontiers in Genetics | www.frontiersin.org

1 January 2021 | Volume 11 | Article 620334


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2020.620334
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2020.620334&domain=pdf&date_stamp=2021-01-14
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://creativecommons.org/licenses/by/4.0/
mailto:canalis@uchc.edu
https://doi.org/10.3389/fgene.2020.620334
https://www.frontiersin.org/articles/10.3389/fgene.2020.620334/full

Canalis

Notch3 and Bone

TMD
Extracellqlar domain H_LD NIICD

LP S1 /7NLS

A T
' e e

LNRRAMANK PEST

Furin-like convertase
cleavage in the Golgi

NRR

FIGURE 1 | Domains of the four Notch receptors. The upper panel shows the
domain and motif organization of a generic human/murine Notch receptor
before cleavage at the S1 site by furin-like convertases in the Golgi
compartment. The extracellular domain contains a leader peptide (LP) and
multiple epidermal growth factor (EGF)-like tandem repeats followed by
Lin12-Notch repeats (LNR) and the heterodimerization domain (HD). The
transmembrane domain (TMD) is located between the extracellular and
intracellular domains. The Notch intracellular domain (NICD) contains an
RBPJk-association module (RAM), a nuclear localization sequence (NLS),
ankyrin (ANK) repeats and tandem NLS, which are followed by a proline (P)-,
glutamic acid (E)-, serine (S)- and threonine (T)-rich (PEST) domain. The lower
panel shows the domains and motifs of heterodimeric individual receptors, the
negative regulatory region (NRR) is formed by the LNR and HD following
cleavage at the S1 site. NOTCH1 and NOTCH2 have 36 EGF-like repeats;
EGF 11 and 12 in green are those required for binding of NOTCH1 and
NOTCH2 to JAGGED and Delta-like ligands and EGF 24-29 modulate this
binding. NOTCH1 and NOTCH2 have a similar NICD, and NOTCH3 has 34
EGF-like repeats and a shorter NICD than NOTCH1 and NOTCH2. NOTCH4
has 29 EGF-like repeats and an NICD that is shorter than that of other
receptors and lacks the tandem NLS located between the ANK repeats and
the PEST domain. Reproduced with permission from Zanotti and Canalis
(2016). The text of this figure is a word-by-word citation of the original legend.
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the transmembrane domain. The NRR is comprised of three
Lin12-Notch repeats (LNR); they form an envelope that protects
the heterodimerization domain (HD) from cleavage. This is
where the cleavage required for Notch activation occurs, playing
a critical regulatory role in the control of Notch signal activation
(Sanchez-Irizarry et al., 2004; Gordon et al., 2007, 2009, 2015;
Cordle et al., 2008). The intracellular domain of Notch (NICD)
consists of seven ankyrin repeats, an RBPJk-association module
(RAM) domain and nuclear localization sequences. The NICD
plays an essential function in the transcription of target genes. At
the C-terminus there is a proline (P)-, glutamic acid (E)-, serine
(S) - and threonine (T)-rich (PEST) domain, which is targeted
for the proteasomal degradation of Notch, defining the life and
duration of the Notch signal (Rogers et al., 1986; Zanotti and
Canalis, 2010).

Although there are similarities among the four Notch
receptors, each receptor has its own identity. Functional

differences are explained by differences in the NICD interactions
with recombination signal binding protein for immunoglobulin
kappa J region (RBPJk), to the temporal and specific cellular
expression of the receptor and to variations in the affinity of
Notch for its ligands (Wu and Bresnick, 2007; Yuan et al,
2012). Differences in the sequence of the NRR also contribute
to the specific activation of each receptor. The distinct function
and lack of redundancy of each Notch receptor is confirmed
by the phenotype of mouse models of gene inactivation. The
Notchl null mutation is developmentally lethal, and Notch2
hypomorphic alleles result in perinatal death. In contrast, null
mutations of Notch3 and Notch4 are not lethal although Notch3
null mice have modest vascular alterations (Swiatek et al., 1994;
Krebs et al., 2000, 2003; McCright et al., 2001; Domenga et al.,
2004). The unique role of each Notch receptor is substantiated
by the fact that genetic disorders associated with pathogenic
variants of Notch receptors present with distinct phenotypic
manifestations. For a detailed description of mouse models
used to study the role of Notch signaling in the skeleton, the
reader is referred to a recent review from the author’s laboratory
(Zanotti and Canalis, 2016).

NOTCHI1, NOTCH2, and NOTCH3 and low levels of
NOTCH4 are found in cells present in the skeleton (Bai et al.,
2008; Zanotti and Canalis, 2017). NOTCH1 and NOTCH2 are
expressed by osteoblasts, osteoclasts and osteocytes, whereas
NOTCHS3 is expressed by osteoblasts and osteocytes (Delgado-
Calle et al., 2016; Zanotti and Canalis, 2017). The difference in
the pattern of cellular expression confers each Notch receptor
a unique function. NOTCH1 and NOTCH2 are structurally
similar, whereas NOTCH3 diverges and the amino acid identity
of its NICD is substantially different from that of NOTCH1 and
NOTCH2 (Weinmaster et al., 1992; Swiatek et al., 1994; McCright
etal., 2001). Moreover, NOTCH3 has a unique pattern of cellular
expression conferring NOTCH3a unique role in physiology
(Bellavia et al., 2008). In skeletal cells, NOTCHI1 inhibits the
differentiation of cells of the osteoblast and osteoclast lineages.
Instead, NOTCH2 enhances osteoclast differentiation by direct
and indirect mechanisms (Bai et al., 2008; Engin et al., 2008;
Fukushima et al., 2008; Hilton et al., 2008; Canalis et al., 2016;
Yu and Canalis, 2019). NOTCHS3 is preferentially expressed by
vascular smooth muscle cells and cells of the osteoblast lineage,
particularly osteocytes and is not expressed by myeloid cells
or osteoclasts (Zanotti and Canalis, 2017). As a consequence
NOTCHS3 induces osteoclastogenesis by indirect mechanisms
since it stimulates the expression of receptor activator of nuclear
factor kappa B ligand (RANKL) by osteoblasts and osteocytes
(Canalis et al., 2018). And RANKL is required for osteoclast
differentiation to occur (Kong et al., 1999; Nakashima et al., 2012;
Park et al., 2017).

The classic or canonical Notch ligands of the JAG and
DLL families are single-pass transmembrane proteins with
a conserved extracellular domain that, like Notch, contains
multiple tandem EGF-like repeats. Of these ligands, JAGI
is consistently expressed by skeletal cells and its deletion
phenocopies models of Notch inactivation suggesting that JAG1
is the most relevant ligand to skeletal homeostasis (Lawal
et al., 2017; Zanotti and Canalis, 2017; Yu and Canalis, 2019).
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A variety of soluble and transmembrane proteins have been
reported to interact with Notch receptors. As such, they have the
potential to modify Notch effects, but should not necessarily be
considered physiological activators of canonical Notch signaling.
Delta-like homolog 1 (DLK-1) or PREF1 inhibits Notch activity
and HeslI expression and Delta/Notch-like EGF-related receptor
(DNER), F3 and NB3, also termed Contactinl and Contactin6
can induce Notch signaling in neuronal cells acting through a
Deltex-dependent mechanism (Hu et al., 2003; Baladron et al,,
2005; Eiraku et al., 2005). Microfibril-associated glycoprotein
(MAGP)1 and MAGP?2 interact with the extracellular domain
of Notch and induce Notch activity, but in endothelial cells
MAGP1 and MAGP2 inhibit Notch signaling (Miyamoto et al.,
2006; Albig et al., 2008). Studies of these non-canonical proteins
interacting with Notch in skeletal cells have been restricted
to nephroblastoma overexpressed, which was found to interact
with Notch and reduce Notch-dependent transactivation in ST-2
stromal cells (Rydziel et al., 2007).

NOTCH SIGNAL ACTIVATION

Although modest levels of activation have been reported for
Notch receptors under basal conditions, most Notch activation
requires interactions with ligands including JAG1 and JAG2 and
DLL1, DLL3, and DLL4 (Choy et al, 2017). The interaction
of Notch with a ligand present in an adjacent cell results
in the endocytosis of the ligand and a pulling or hinge-like
effect causing the unraveling of the Linl2 repeats leaving the
HD unprotected and exposed to the actions of disintegrin and
metalloprotease domain-containing proteins and its subsequent
cleavage by the y-secretase complex (Figure2) (Song et al,
1999; Ehebauer et al., 2006; Sato et al., 2007). As a result, the
NICD is released into the cytoplasm and this is followed by
its translocation into the nucleus. Endocytosis of the Notch
ligand is followed by its recycling to the cell surface (Deblandre
et al,, 2001; Lai et al., 2001; Le Borgne and Schweisguth, 2003;
Yamamoto et al, 2010). The consequences of the interaction
of Notch with its ligands depend on whether the ligand and
Notch are in the same cell (cis) resulting in an inhibition of
activation or in a different adjacent cell (trans) resulting in signal
activation (Figure 2). What initiates the interaction of Notch
with its ligand is not known. Post-translational changes of the
extracellular domain of Notch regulate Notch ligand interactions.
For example, EOGT, a glycosyltransferase that transfers N-
acetylglucosamine linked to Ser or Ther (O-GlcNAc) to specific
EGF repeats of Notch, selectively enhances the binding of DLL1
and DLL4 but not that of JAGI to Notch (Sawaguchi et al., 2017).
Fringe glycosyltransferases, such as lunatic and manic fringe
decrease JAGI binding and increase DLL1 binding to Notch and
radical fringe enhances the binding of both ligands to the receptor
(Bruckner et al., 2000; Lei et al., 2003; LeBon et al., 2014).

The cleavage of Notch and release of the NICD to the
cytoplasm and its nuclear translocation result in the formation
of a complex of the NICD with RBPJk, also termed C promoter
binding factor 1 (CBF1), Suppressor of hairless, Lagl or CSL,
and with mastermind-like (MAML) (Kovall, 2007, 2008). Under
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FIGURE 2 | Upper panel: Notch ligands (JAG and DLL) expressed by an
adjacent signaling cell bind to epidermal growth factor (EGF) repeats 11 and
12 of Notch in a receiving cell (trans). This results in a pulling or hinge-like effect
that exposes the heterodimerization domain of Notch to the actions of the
metalloprotease disintegrin and metalloprotease domain (ADAM) 10 and the
y-secretase complex. The ligand is internalized by endocytosis and recycled
whereas Notch releases its intracellular domain (NICD) to the cytoplasm. The
NICD translocates to the nucleus to form a complex with RBPJk and
Mastermind (MAML), and recruits co-activators to induce the transcription of
target genes. Lower panel: Interactions between a Notch ligand and Notch
expressed by the same cell (cis) result in an inhibition of Notch signaling.
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basal conditions, RBPJk is bound to DNA and associates with co-
repressors to inhibit transcription. The repressors are displaced
by the NICD, which also recruits activators of transcription. The
NICD, RBPJk, MAML complex induces target gene transcription
(Artavanis-Tsakonas et al., 1999). Targets of the canonical Notch
signaling include genes of the Hairy and enhancer of split
(HES) and HES with YRPW (HEY) families of transcription
factors (Ohtsuka et al., 1999; Iso et al., 2001, 2003; Katoh and
Katoh, 2004). Notch signal activation is concluded following
the phosphorylation of the PEST domain by cyclin-dependent
kinases, resulting in the dismantling of the NICD, RBPJk, MAML
transcriptional complex, the ubiquitination of the NICD by E3
ubiquitin ligases and the ultimate degradation of the NICD
(Fryer et al., 2004). Notch signaling independent of RBPJk is
considered non-canonical, a pathway poorly characterized. It
is not known whether this non-canonical pathway operates in
bone cells.

CLINICAL ASPECTS OF LATERAL
MENINGOCELE SYNDROME (LMS)

In 1977, Lehman et al. reported a child with osteosclerosis of the
vault of the skull, the face and vertebrae, abnormalities of the
nervous system and meninges and abnormal facial characteristics
(Lehman et al., 1977). The individual presented with pronounced
basilar invagination and platybasia and a myelogram revealed
the presence of meningoceles. The mother shared her daughter’s
facial features and increased bone density of the skull. Additional
cases with similar features were reported in 1978, 1995, and
1997 by Katz, Philip and Gripp and their co-workers, respectively
(Katz et al., 1978; Philip et al., 1995; Gripp et al., 1997).

LMS or Lehman Syndrome (OMIM 130720), is a rare genetic
disorder presenting with craniofacial anomalies, developmental
delay, intellectual disability, hypotonia, decreased muscle mass,
syringomyelia, Chiari Type 1 malformation, hydrocephalus and
meningoceles (Gripp et al., 1997; Ejaz et al., 2016). Numerous
skeletal manifestations occur including developmental defects
of craniofacial structures, short stature, vertebral abnormalities
characterized by kyphosis and scoliosis and hyperextensibility
of small and large joints (Chen et al., 2005). The craniofacial
characteristics include supraorbital ridges, down-slanted eyelid
axis, ptosis, malar hypoplasia, broad nasal bridge, philtrum that is
flat, undersized jaw, low set ears, high arched and cleft palate and
short neck (Gripp et al., 1997; Alves et al., 2013; Correia-Sa et al.,
2015). The craniofacial developmental defects include wormian
bones, platybasia, and thickened calvarial vault. Pseudo clubbing
of the fingers, but not acroosteolysis, is found. Cardiac valve
abnormalities can be present and inner ear abnormalities and
cystic kidneys were reported in one case (Cappuccio et al., 2020).
Approximately 20-30 individuals with LMS have been reported.
Osteoporosis is often not present in LMS possibly because most
of the known cases of LMS are described in children at a young
age and only occasional adults with the disease have been studied
(Castori et al., 2014; Mushtaq et al., 2015). Indeed, osteoporosis
was reported in a 55 year old woman affected by the disease but
bone mineral density exams have not been reported in children

and young adults (Castori et al., 2014). Bone biopsies have not
been reported in individuals with LMS.

GENETIC ASPECTS OF LATERAL
MENINGOCELE SYNDROME

Pathogenic variants of Notch receptors, Notch ligands, Notch
signal modulators and components of the transcriptional
complex are associated with genetic disorders affecting the
skeleton. The pathogenic variants are known to cause alterations
(gain- or aloss) in the function of specific Notch receptors.

The inheritance of LMS is considered to be autosomal
dominant. Exome sequencing of individuals suffering from LMS
revealed an association of LMS with heterozygous mutations
in exon 33 of NOTCH3 (Gripp et al., 2015). Either nonsense
mutations or short deletions are found and they all cause
the formation of termination codons upstream of the PEST
domain. The pathogenic variants result in the translation of a
truncated NOTCH3 protein product lacking the PEST domain
and presumably stable. The truncated NOTCH3 NICD is
capable of forming a complex with RBPJk or CSL and MAML,
and as a consequence it can regulate transcription. Since the
protein is stable, signaling is prolonged resulting in a gain-
of-NOTCH3 function. The diagnosis of LMS can be made by
documenting the presence of truncating mutations in exon 33
of NOTCH3 upstream of the PEST domain. The pathogenic
variants associated with LMS are analogous to those reported
in Hajdu Cheney Syndrome (HCS), a genetic disorder caused
by pathogenic variants in exon 34 of NOTCH2 resulting in
the translation of a truncated NOTCH2 protein lacking the
PEST domain and a gain-of-NOTCH?2 function (Isidor et al.,
2011; Simpson et al., 2011; Canalis and Zanotti, 2014; Canalis,
2018). LMS and HCS share selected clinical features, but are
distinct clinical entities (Avela et al., 2011; Gripp, 2011). Indeed,
some of the skeletal features of HCS such as acroosteolysis and
osteoporosis with fractures are not found in LMS.

PRECLINICAL MODELS OF LATERAL
MENINGOCELE SYNDROME

To understand the mechanisms responsible for the LMS
phenotype, we created a murine model mimicking pathogenic
variants discovered in individuals afflicted by LMS (Canalis
et al., 2018). For this purpose, CRISPR/Cas9 technology was
used to introduce a tandem termination codon in exon 33
of Notch3 mimicking a mutation found in a subject afflicted
by the disease (Gripp et al., 2015). The subject harbored a
single base pair insertion at ¢.6692_93insC of NOTCHS3 resulting
in the translation of a protein lacking the PEST domain and
retaining all NICD sequences required for the formation of
an active transcriptional complex. NOTCH3 DNA and amino
acid sequences are conserved between human and mouse in
this region, allowing the creation of a mouse model of LMS.
To this end, we introduced the described human NOTCH3
pathogenic variant into the mouse genome creating a tandem
stop codon (6691-6696 ACCAAG>TAATGA), which would lead
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to a T2231X change at the amino acid level and a NOTCH3
protein of 2,230 amino acids (vs. 2,318 in wild types) lacking the
PEST domain. The proper introduction of the Notch3 6691-6696
ACCAAG>TAATGA mutation was verified by DNA sequencing
prior to the establishment of the mutant mouse line, which was
termed Notch3°™E" (synonym Notch3!1-1Ecan),

Heterozygous mutant mice were active, mobile and no
neuromuscular defects were observed. X-rays of the skull and
spine were normal. Microcomputed tomography (nCT) of
the distal femur demonstrated that Notch3°"'E<" male and
female mutant mice had a 35-60% decrease in cancellous
bone volume and reduced connectivity density; cortical bone of
mutant mice was thin and had increased porosity. Cancellous
bone histomorphometry confirmed the osteopenic phenotype of
Notch3°™E@n mice and demonstrated an increase in osteoclast
number and in bone remodeling (Canalis et al., 2018).

The osteopenia of the Notch3*™E" mutant mouse was
secondary to an increase in the number of osteoclasts with
the resulting increase in bone resorption and remodeling.
The augmented number of osteoclasts was secondary to a
selective increase in RANKL expression by cells of the osteoblast
lineage without changes in the levels of its decoy receptor
osteoprotegerin. There were no direct effects of NOTCH3 on
osteoclast formation because Notch3 is not detected in this
lineage. Osteocytes, an important source of RANKL, contributed
to the osteopenic phenotype of Notch3emiEcan
Notch3 is preferentially expressed by these cells (Nakashima
et al.,, 2011; Xiong et al., 2011; Xiong and O’Brien, 2012). It is
not established whether the induction of RANKL is mediated
by Notch canonical signaling. The phenotype of Notch3¢m1Ecan
mutant mice is purely resorptive; osteoblast differentiation
is not impaired, and bone formation was increased in vivo
demonstrating a state of high bone remodeling. However, it
is possible that supraphysiological levels of NOTCH3 NICD
inhibit osteoblastogenesis as it has been reported for NOTCHI1
(Zanotti et al., 2008). Although the osteopenic phenotype of
Notch3°™E@n mice was secondary to increased RANKL, the
administration of osteoprotegerin (OPG)-Fc was not considered
for its correction because OPG-Fc causes osteopetrosis making
the interpretation of the results difficult or not possible (Bargman
etal., 2012).

To ensure that non-skeletal tissues were not affected by the
mutation, we documented no abnormalities by histopathology of
the heart, liver, spleen, lungs, brain and kidneys of Notch3¢™Ecan
mutant mice. We also documented that the pattern of Notch3
mRNA expression was not different between mutant and
wild type mice in the tissues examined. Moreover, serum
parathyroid hormone and estrogen levels were not different
between Notch3¢™E¢" mice and control mice. Fasting glucose
and insulin levels, lean body and fat tissue mass were not different
between Notch3?™E¢m and control mice. These results suggest
that the Notch3°™E@" phenotype is due to direct effects of
NOTCH3 on the skeleton and not to a secondary effect in
non-skeletal tissues or concurrent neomorphic activities. The
expression of the Notch target genes Heyl, Hey2 and HeyL was
increased in cells from Notch3°™F¢" mice indicating that Notch
signal activation was enhanced.

mutants since

The phenotype of the heterozygous Notch3*™E@" mutant
mouse recapitulates limited aspects of the LMS phenotype
in humans, and mutant mice do not manifest the array of
neurological and developmental abnormalities observed in the
human syndrome. It is important to note that we were unable to
generate homozygous mutant mice following heterozygous
intercrosses and we suspect embryonic lethality due to
developmental defects. It is conceivable that homozygous mutant
Notch3°™E@n mice had additional phenotypic manifestations in
line with the manifestations of the human disease.

INTERVENTIONS TO AMELIORATE THE
LATERAL MENINGOCELE SYNDROME
PHENOTYPE

Currently, there are no therapeutic interventions to ameliorate
the LMS phenotype other than the surgical interventions
aimed at correcting or ameliorating selected neurological and
skeletal defects (Brown et al, 2017; Cuoco et al.,, 2020). A
central problem with LMS is the genetic nature of the disease
and the fact that the phenotype becomes established during
embryogenesis with multiple organs affected at birth. Moreover,
there is no practical or effective intervention that corrects
genetic abnormalities associated with LMS, resulting in the
unsuccessful management of individuals afflicted by this as well
as by many other genetic disorders. Gene editing has been
proposed to correct mutations in mice and humans (Savic and
Schwank, 2016; Porteus, 2019). However, for gene editing to
be effective ideally a pathogenic variant should be edited and
repaired in the germline making the approach not practical
or readily available for therapeutic intervention (Nelson et al.,
2016; Tabebordbar et al., 2016). Moreover, ethical concerns
have been raised regarding genome editing in human embryos
(Savic and Schwank, 2016; Daley et al., 2019). A specific tissue
could be targeted with vectors with preferential affinity for the
tissue affected or with constructs driving enzymes, such as Cas9,
using tissue-specific promoters to cut and replace the mutant
DNA with repair DNA (Long et al., 2016). However, it is quite
challenging to introduce a single-stranded DNA fragment into
the cell nucleus to repair the double-stranded DNA break prior
to non-homologous end-joining without the introduction of
insertions/deletions (indels). The problem is complicated further
in phenotypes manifested in the heterozygous state, such as
LMS, since Cas9 creates a break in the mutant as well as
in the wild type allele with the potential of additional indels
and unpredicted homozygous mutations unless both alleles are
properly repaired.

The administration of anti-sense oligonucleotides (ASO) is
a novel intervention used to downregulate wild type as well
as mutant transcripts. ASOs have been utilized to silence
mutant genes in the central nervous system, retina and liver
(Carroll et al., 2011; Limmroth et al., 2014; Murray et al,
2015; McCampbell et al, 2018; Shy, 2018; Zhao et al., 2018;
Zhu et al, 2018). ASOs are single-stranded synthetic nucleic
acids that bind to target mRNA by Watson-Crick pairing and
result in the degradation of mRNA by RNase H (Cerritelli
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and Crouch, 2009; Bennett et al., 2017). The transport of
ASOs to bone has required delivery systems to target ASOs
to the skeleton and the technology has not been applied for
the correction of gene mutations in this organ (Zhang et al.,
2012). It is possible that the pathogenic variant associated
with Lehman Syndrome can be targeted to ameliorate the
phenotype associated with the NOTCH3 gain-of-function using
an ASO approach. The ASO strategy was recently tested in
an experimental mouse model of HCS termed Notch2!™!-1Ecan
and characterized by a NOTCH2 gain-of-function and severe
osteopenia secondary to increased osteoclastogenesis (Canalis
et al., 2020). Delivery of Notch2 ASOs in vitro decreased Notch2
wild type and mutant expression, and NOTCH2 activation,
and inhibited osteoclastogenesis in Notch2!1-1E@n qsteoclast
precursors. Importantly, the administration of Notch2 ASOs
in vivo ameliorated the osteopenia of HCS Notch2!m!-1Ecan
heterozygous mice.

Similar work is in progress in Notch3™E" heterozygous
mutant mice to test whether ASOs targeting either Notch3
or preferably the Notch3 mutation improve the phenotypic
manifestations of this experimental model of LMS. The targeting
of the Notch3 mutant allele with ASOs to downregulate the
allele specifically would create a wild type heterozygous state.
The approach could be used as a therapeutic intervention
not only in Lehman Syndrome but also in other dominant
monogenic disorders of the skeleton. Humans with homozygous
NOTCHS3 loss-of-function pathogenic variants exhibit vascular
manifestations reminiscent of cerebral autosomal dominant
arteriopathy with subcortical infarcts and encephalopathy
(CADASIL) (Pippucci et al, 2015). Therefore, the selective
downregulation of the mutant allele would be a preferable
approach by avoiding the generalized downregulation
of NOTCHS3.

The creation of a mutant mouse replicating the genetic
alteration found in LMS or Lehman Syndrome allowed us
to test whether the skeletal phenotype of Notch3°™E@" mice
could be reversed by preventing the activation of NOTCH3
with anti-NOTCH3 antibodies targeting the NRR, the site
required for the cleavage and activation of NOTCH3. Anti-
NOTCH3 NRR antibodies decreased Notch activation and the
expression of RANKL by osteoblasts, and as a consequence
reversed the cancellous bone osteopenia of Notch3¢m!Ecan
mutant mice (Yu et al, 2020). Although the approach
demonstrated the effectiveness of anti-NOTCH3 NRR antibodies
in downregulating Notch signaling and reversing the skeletal
phenotype, a limitation of their use is the fact that they block
both NOTCH3 mutant as well as NOTCH3 wild type activation
leading to a generalized NOTCH3 knockdown and the potential
of unwanted collateral effects.

Pharmacological interventions other than anti-Notch
antibodies have been used to manipulate Notch signaling
in skeletal and non-skeletal cells although they suffer from
greater shortcomings. These interventions include the use of
biochemical inhibitors of Notch activation, antibodies to various
components of the Notch signaling pathway and molecules
that interfere with the formation of an NICD/RBPJx/MAML
complex (Figure 3) (Ryeom, 2011). y-secretase inhibitors are

Targeting NOTCH Signaling
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FIGURE 3 | Pharmacological interventions to temper Notch signaling.
Antibodies to various components of Notch signaling (Notch, Notch NRR,
JAG, nicastrin), inhibitors of the y-secretase complex, and small peptides that
preclude the formation of a Notch NICD, RBPJk, MAMAL complex are shown.

frequently used to block the cleavage of the Notch receptor
(De Strooper et al,, 1999). It is important to note that these
inhibitors are not specific and the substrates of the y-secretase
complex are many (Duggan and McCarthy, 2016). Because
nicastrin forms part of the y-secretase complex, anti-nicastrin
antibodies can be used as an alternative (Siebel and Lendahl,
2017). Thapsigargin prevents the maturation and folding of
Notch and has been used to inhibit the effects of Notch (Ilagan
and Kopan, 2013). A limitation of thapsigargin, anti-nicastrin
antibodies and y-secretase inhibitors is that they inhibit all
Notch receptors, and their long-term use would result in an
indiscriminate knock-down of Notch activation and possible
unwanted effects. Generalized knockdown of Notch signaling
can result in significant gastrointestinal toxicity and diarrhea
due to the fact that Notch directs intestinal precursor cells
toward an epithelial cell fate and away from secretory cell
differentiation (van Es et al., 2005; Zecchini et al., 2005; Garber,
2007). Molecules that interfere with the formation of an active
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NICD/RBPJk/MAML complex have been reported to inhibit
Notch isoforms; their efficacy is not fully established (Moellering
et al., 2009).

MAJOR GAPS IN KNOWLEDGE AND
FUTURE STUDIES

A limitation of the Notch3°™E" mutant mouse model is that it
replicates the human disease partially and future mutant mouse
models should be developed to have a greater understanding of
mechanisms responsible for the manifestations of LMS. However,
the availability of the Notch3°"E«" model has advanced our
knowledge of the disease and implies that the osteopenic
phenotype is due to an induction of RANKL by cells of
the osteoblast lineage. This could be verified by the use of
conditional mouse models, that would allow the introduction
of the mutation in this lineage. Conditional models also could
serve to determine the contributions of vascular NOTCH3 to the
skeletal phenotype. This is particularly important since Notch3
is preferentially expressed by smooth muscle vascular cells and
NOTCH3 pathogenic variants are associated with CADASIL
(Chabriat et al., 2009; Gridley, 2010; Filipowska et al., 2017;
Watson and Adams, 2018).

To ensure that the Notch3“™F¢" phenotype is due to a gain-
of-NOTCH3 function and not due to neomorphic manifestations
of the mutation, it would be worthwhile comparing the
phenotypes of the Notch3¢™ %" mouse model to models of wild
type NOTCH3 overexpression (Lafkas et al., 2013). However,
these alternate models could result in supraphysiological
concentrations of NOTCH3, so that comparisons need to be
interpreted with caution. There is limited information about
the physiological role of NOTCHS3 in the skeleton since skeletal
phenotypes of Notch3 null mice have not been published.
Similarly, previous work on Notch3°™ £ mice has been limited
to the description of postnatal skeletal phenotypes and there
is no information on developmental phenotypes, particularly

REFERENCES

Albig, A. R, Becenti, D. J., Roy, T. G., and Schiemann, W. P. (2008). Microfibril-
associate glycoprotein-2 (MAGP-2) promotes angiogenic cell sprouting by
blocking Notch signaling in endothelial cells. Microvasc. Res. 76, 7-14.
doi: 10.1016/j.mvr.2008.01.001

Alves, D., Sampaio, M., Figueiredo, R., and Leao, M. (2013). Lateral meningocele
syndrome: additional report and further evidence supporting a connective
tissue basis. Am ] Med Genet A 161A, 1768-1772. doi: 10.1002/ajmg.a.35968

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999). Notch signaling:
cell fate control and signal integration in development. Science 284, 770-776.
doi: 10.1126/science.284.5415.770

Avela, K., Valanne, L., Helenius, I, and Makitie, O. (2011). Hajdu-Cheney
syndrome with severe dural ectasia. Am. J. Med. Genet. A 155A, 595-598.
doi: 10.1002/ajmg.a.33510

Bai, S., Kopan, R., Zou, W., Hilton, M. J,, Ong, C. T, Long, F., et al
(2008). NOTCHL1 regulates osteoclastogenesis directly in osteoclast precursors
and indirectly via osteoblast lineage cells. J. Biol. Chem. 283, 6509-6518.
doi: 10.1074/jbc.M707000200

Baladron, V., Ruiz-Hidalgo, M. J., Nueda, M. L., az-Guerra, M. J., Garcia-Ramirez,
J. J., Bonvini, E., et al. (2005). dlk acts as a negative regulator of Notchl

in homozygous mutant mice due to developmental lethality.
This could also be the case in humans since only heterozygous
pathogenic variants have been reported in LMS. Future studies
in preclinical mouse models should serve to define the role of
NOTCH3 in skeletal physiology and the contributions of vascular
NOTCHS3 to bone homeostasis.

Current therapies for LMS have been palliative at best and
future work should be directed to the development of effective
therapies aimed at correcting or silencing the pathogenic variant
allele. However, a number of technical and ethical issues need to
be resolved before these approaches become a reality.

CONCLUSIONS

In conclusion, LMS or Lehman Syndrome is a rare disorder
associated with pathogenic variants in exon 33 of NOTCH3.
LMS is characterized by neurological, craniofacial and skeletal
developmental defects. Preclinical mouse models have served to
enhance our understanding of the pathogenesis of the disease and
mechanisms responsible for the skeletal phenotype and ways to
test possible treatment interventions.

AUTHOR CONTRIBUTIONS

EC: conceptualization, writing, editing, and funding acquisition.

FUNDING

This work was supported by grants from the National
Institute of Arthritis and Musculoskeletal and Skin Diseases
(AR072987; AR076747).

ACKNOWLEDGMENTS

The author thanks Mary Yurczak for secretarial assistance, and
Geneva Hargis, Ph.D. and Christopher Bonin, Ph.D. for art work.

activation through interactions with specific EGF-like repeats. Exp. Cell Res.
303, 343-359. doi: 10.1016/j.yexcr.2004.10.001

Bargman, R, Posham, R. Boskey, A., Carter, E., DiCarlo, E., Verdelis,
K., et al. (2012). High- and low-dose OPG-Fc cause osteopetrosis-like
changes in infant mice. Pediatr. Res. 72, 495-501. doi: 10.1038/pr.2
012.118

Bellavia, D., Checquolo, S., Campese, A. F., Felli, M. P., Gulino, A., and Screpanti,
1. (2008). Notch3: from subtle structural differences to functional diversity.
Oncogene 27, 5092-5098. doi: 10.1038/0nc.2008.230

Bennett, C. F., Baker, B. F., Pham, N., Swayze, E., and Geary, R. S. (2017).
Pharmacology of antisense drugs. Annu. Rev. Pharmacol. Toxicol. 57, 81-105.
doi: 10.1146/annurev-pharmtox-010716-104846

Brown, E. C., Gupta, K., and Sayama, C. (2017). Neurosurgical management in
lateral meningocele syndrome: case report. J. Neurosurg. Pediatr. 19, 232-238.
doi: 10.3171/2016.9.PEDS16311

Bruckner, K., Perez, L., Clausen, H., and Cohen, S. (2000). Glycosyltransferase
activity of Fringe modulates Notch-Delta interactions. Nature 406, 411-415.
doi: 10.1038/35019075

Canalis, E. (2018). Clinical and experimental aspects of Notch receptor signaling:
Hajdu-Cheney syndrome and related disorders. Metabolism 80, 48-56.
doi: 10.1016/j.metabol.2017.08.002

Frontiers in Genetics | www.frontiersin.org

January 2021 | Volume 11 | Article 620334


https://doi.org/10.1016/j.mvr.2008.01.001
https://doi.org/10.1002/ajmg.a.35968
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1002/ajmg.a.33510
https://doi.org/10.1074/jbc.M707000200
https://doi.org/10.1016/j.yexcr.2004.10.001
https://doi.org/10.1038/pr.2012.118
https://doi.org/10.1038/onc.2008.230
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/10.3171/2016.9.PEDS16311
https://doi.org/10.1038/35019075
https://doi.org/10.1016/j.metabol.2017.08.002
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Canalis

Notch3 and Bone

Canalis, E., Adams, D. J., Boskey, A., Parker, K., Kranz, L., and Zanotti, S.
(2013a). Notch signaling in osteocytes differentially regulates cancellous
and cortical bone remodeling. J. Biol. Chem. 288, 25614-25625.
doi: 10.1074/jbc.M113.470492

Canalis, E., Grossman, T. R., Carrer, M., Schilling, L., and Yu, J. (2020). Antisense
oligonucleotides targeting Notch2 ameliorate the osteopenic phenotype in a
mouse model of Hajdu-Cheney syndrome. J. Biol. Chem. 295, 3952-3964.
doi: 10.1074/jbc.RA119.011440

Canalis, E., Parker, K., Feng, J. Q., and Zanotti, S. (2013b). Osteoblast lineage-
specific effects of Notch activation in the skeleton. Endocrinology 154, 623-634.
doi: 10.1210/en.2012-1732

Canalis, E., Schilling, L., Yee, S. P., Lee, S. K., and Zanotti, S. (2016). Hajdu
Cheney mouse mutants exhibit osteopenia, increased osteoclastogenesis and
bone resorption. J. Biol. Chem. 291, 1538-1551. doi: 10.1074/jbc.M115.685453

Canalis, E., Yu, J., Schilling, L., Yee, S. P., and Zanotti, S. (2018). The lateral
meningocele syndrome mutation causes marked osteopenia in mice. J. Biol.
Chem. 293, 14165-14177. doi: 10.1074/jbc.RA118.004242

Canalis, E., and Zanotti, S. (2014). Hajdu-Cheney syndrome: a review. Orphanet J.
Rare Dis. 9:200. doi: 10.1186/s13023-014-0200-y

Cappuccio, G., Apuzzo, D., Alagia, M., Torella, A., Pinelli, M., Franco, B., et al.
(2020). Expansion of the phenotype of lateral meningocele syndrome. Am. J.
Med. Genet. A 182, 1259-1262. doi: 10.1002/ajmg.a.61536

Carroll, J. B., Warby, S. C., Southwell, A. L, Doty, C. N., Greenlee, S,
Skotte, N., et al. (2011). Potent and selective antisense oligonucleotides
targeting single-nucleotide polymorphisms in the Huntington disease
gene/allele-specific silencing of mutant huntingtin. Mol. Ther. 19, 2178-2185.
doi: 10.1038/mt.2011.201

Castori, M., Morlino, S., Ritelli, M., Brancati, F., De Bernardo, C., Colombi, M.,
et al. (2014). Late diagnosis of lateral meningocele syndrome in a 55-year-old
woman with symptoms of joint instability and chronic musculoskeletal pain.
Am. J. Med. Genet. A 164A, 528-534. doi: 10.1002/ajmg.a.36301

Cerritelli, S. M., and Crouch, R. J. (2009). Ribonuclease H: the enzymes in
eukaryotes. FEBS J. 276, 1494-1505. doi: 10.1111/.1742-4658.2009.06908.x

Chabriat, H., Joutel, A., Dichgans, M. Tournier-Lasserve, E., and
Bousser, M. G. (2009). Cadasil. Lancet Neurol. 8, 643-653.
doi: 10.1016/S1474-4422(09)70127-9

Chen, K. M., Bird, L., Barnes, P., Barth, R., and Hudgins, L. (2005). Lateral
meningocele syndrome: vertical transmission and expansion of the phenotype.
Am. ]. Med. Genet. A 133A, 115-121. doi: 10.1002/ajmg.a.30526

Choy, L., Hagenbeek, T. J., Solon, M., French, D., Finkle, D., Shelton, A., et al.
(2017). Constitutive NOTCH3 signaling promotes the growth of basal breast
cancers. Cancer Res. 77, 1439-1452. doi: 10.1158/0008-5472.CAN-16-1022

Cordle, J., Redfieldz, C., Stacey, M., van der Merwe, P. A., Willis, A. C., Champion,
B.R., etal. (2008). Localization of the delta-like-1-binding site in human Notch-
1 and its modulation by calcium affinity. J. Biol. Chem. 283, 11785-11793.
doi: 10.1074/jbc.M708424200

Correia-Sa, I, Horta, R, Neto, T., Amarante, J., and Marques, M. (2015). Lehman
syndrome: a new syndrome for pierre robin sequence. Cleft Palate Craniofac. J.
52, 369-372. doi: 10.1597/13-063

Cuoco, J. A., Klein, B. J., Busch, C. M., Gosnell, H. L., Kar, A., Marvin, E. A.,
et al. (2020). Neurosurgical management of lateral meningocele syndrome: a
clinical update for the pediatric neurosurgeon. Pediatr. Neurosurg. 55, 2-11.
doi: 10.1159/000504060

Daley, G. Q., Lovell-Badge, R, and Steffann, J. (2019). After the storm —
a responsible path for genome editing. New Engl | Med. 380, 897-899.
doi: 10.1056/NEJMp1900504

de Celis, J. F., and Bray, S. J. (2000). The Abruptex domain of Notch regulates
negative interactions between Notch, its ligands and Fringe. Development 127,
1291-1302.

De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K., Mumm, J. S.,
etal. (1999). A presenilin-1-dependent gamma-secretase-like protease mediates
release of Notch intracellular domain. Nature 398, 518-522. doi: 10.1038/19083

Deblandre, G. A., Lai, E. C., and Kintner, C. (2001). Xenopus neuralized is a
ubiquitin ligase that interacts with XDeltal and regulates Notch signaling. Dev.
Cell. 1, 795-806. doi: 10.1016/S1534-5807(01)00091-0

Delgado-Calle, J., Anderson, J., Cregor, M. D., Hiasa, M., Chirgwin, J. M., Carlesso,
N, et al. (2016). Bidirectional Notch signaling and osteocyte-derived factors
in the bone marrow microenvironment promote tumor cell proliferation

and bone destruction in multiple myeloma. Cancer Res. 76, 1089-1100.
doi: 10.1158/0008-5472.CAN-15-1703

Domenga, V., Fardoux, P., Lacombe, P., Monet, M., Maciazek, J., Krebs, L. T,
etal. (2004). Notch3 is required for arterial identity and maturation of vascular
smooth muscle cells. Genes Dev. 18, 2730-2735. doi: 10.1101/gad.308904

Duggan, S. P., and McCarthy, J. V. (2016). Beyond gamma-secretase activity: the
multifunctional nature of presenilins in cell signalling pathways. Cell Signal 28,
1-11. doi: 10.1016/j.cellsig.2015.10.006

Ehebauer, M., Hayward, P., and Martinez-Arias, A. (2006). Notch signaling
pathway. Sci. STKE 2006:cm?7. doi: 10.1126/stke.3642006cm?7

Eiraku, M., Tohgo, A., Ono, K., Kaneko, M., Fujishima, K., Hirano, T., et al.
(2005). DNER acts as a neuron-specific Notch ligand during Bergmann glial
development. Nat. Neurosci. 8, 873-880. doi: 10.1038/nn1492

Ejaz, R., Qin, W., Huang, L., Blaser, S., Tetreault, M., Hartley, T., et al. (2016).
Lateral meningocele (Lehman) syndrome: a child with a novel NOTCH3
mutation. Am. J. Med. Genet. A 170A, 1070-1075. doi: 10.1002/ajmg.a.37541

Engin, F., Yao, Z., Yang, T., Zhou, G., Bertin, T., Jiang, M. M., et al. (2008).
Dimorphic effects of Notch signaling in bone homeostasis. Nat. Med. 14,
299-305. doi: 10.1038/nm1712

Filipowska, J., Tomaszewski, K. A., Niedzwiedzki, L., Walocha, J. A., and
Niedzwiedzki, T. (2017). The role of vasculature in bone development,
regeneration and proper systemic functioning. Angiogenesis 20, 291-302.
doi: 10.1007/s10456-017-9541-1

Fryer, C. J., White, J. B., and Jones, K. A. (2004). Mastermind recruits CycC:CDK8
to phosphorylate the Notch ICD and coordinate activation with turnover. Mol.
Cell 16, 509-520. doi: 10.1016/j.molcel.2004.10.014

Fukushima, H., Nakao, A., Okamoto, F., Shin, M., Kajiya, H., Sakano, S., et al.
(2008). The association of Notch2 and NF-kappaB accelerates RANKL-induced
osteoclastogenesis. Mol. Cell Biol. 28, 6402-6412. doi: 10.1128/MCB.00299-08

Garber, K. (2007). Notch emerges as new cancer drug target. J. Natl. Cancer Inst.
99, 1284-1285. doi: 10.1093/jnci/djm148

Gordon, W. R,, Roy, M., Vardar-Ulu, D., Garfinkel, M., Mansour, M. R., Aster,
J. C., et al. (2009). Structure of the Notchl-negative regulatory region:
implications for normal activation and pathogenic signaling in T-ALL. Blood
113, 4381-4390. doi: 10.1182/blood-2008-08-174748

Gordon, W. R,, Vardar-Ulu, D., Histen, G., Sanchez-Irizarry, C., Aster, J. C., and
Blacklow, S. C. (2007). Structural basis for autoinhibition of Notch. Nat. Struct.
Mol. Biol. 14, 295-300. doi: 10.1038/nsmb1227

Gordon, W. R., Zimmerman, B., He, L., Miles, L. J., Huang, J., Tiyanont, K., et al.
(2015). Mechanical allostery: evidence for a force requirement in the proteolytic
activation of Notch. Dev. Cell. 33, 729-736. doi: 10.1016/j.devcel.2015.05.004

Gridley, T. (2010). Notch signaling in the vasculature. Curr. Top. Dev. Biol. 92,
277-309. doi: 10.1016/S0070-2153(10)92009-7

Gripp, K. W. (2011). Lateral meningocele syndrome and Hajdu-Cheney syndrome:
different disorders with overlapping phenotypes. Am. J. Med. Genet. A 155A,
1773-1774; author reply 1775. doi: 10.1002/ajmg.a.34075

Gripp, K. W., Robbins, K. M., Sobreira, N. L., Witmer, P. D., Bird, L. M,,
Avela, K., et al. (2015). Truncating mutations in the last exon of NOTCH3
cause lateral meningocele syndrome. Am. J. Med. Genet. A 167A, 271-281.
doi: 10.1002/ajmg.a.36863

Gripp, K. W, Scott, C. I Jr., Hughes, H. E., Wallerstein, R., Nicholson, L., States,
L., et al. (1997). Lateral meningocele syndrome: three new patients and review
of the literature. Am. J. Med. Genet. 70, 229-239. doi: 10.1002/(SICI)1096-
8628(19970613)70:3<229::AID-AJMG4>3.0.CO;2-R

Hilton, M. J., Tu, X., Wu, X,, Bai, S., Zhao, H., Kobayashi, T., et al. (2008). Notch
signaling maintains bone marrow mesenchymal progenitors by suppressing
osteoblast differentiation. Nat. Med. 14, 306-314. doi: 10.1038/nm1716

Hu, Q. D., Ang, B. T, Karsak, M., Hu, W. P, Cui, X. Y., Duka, T,
et al. (2003). F3/contactin acts as a functional ligand for Notch during
oligodendrocyte maturation. Cell 115, 163-175. doi: 10.1016/S0092-8674(03)0
0810-9

Ilagan, M. X, and Kopan, R. (2013). Selective blockade of transport via SERCA
inhibition: the answer for oncogenic forms of Notch? Cancer Cell 23, 267-269.
doi: 10.1016/j.ccr.2013.02.020

Isidor, B., Lindenbaum, P., Pichon, O., Bezieau, S., Dina, C., Jacquemont, S.,
et al. (2011). Truncating mutations in the last exon of NOTCH2 cause a rare
skeletal disorder with osteoporosis. Nat. Genet. 43, 306-308. doi: 10.1038/
ng.778

Frontiers in Genetics | www.frontiersin.org

January 2021 | Volume 11 | Article 620334


https://doi.org/10.1074/jbc.M113.470492
https://doi.org/10.1074/jbc.RA119.011440
https://doi.org/10.1210/en.2012-1732
https://doi.org/10.1074/jbc.M115.685453
https://doi.org/10.1074/jbc.RA118.004242
https://doi.org/10.1186/s13023-014-0200-y
https://doi.org/10.1002/ajmg.a.61536
https://doi.org/10.1038/mt.2011.201
https://doi.org/10.1002/ajmg.a.36301
https://doi.org/10.1111/j.1742-4658.2009.06908.x
https://doi.org/10.1016/S1474-4422(09)70127-9
https://doi.org/10.1002/ajmg.a.30526
https://doi.org/10.1158/0008-5472.CAN-16-1022
https://doi.org/10.1074/jbc.M708424200
https://doi.org/10.1597/13-063
https://doi.org/10.1159/000504060
https://doi.org/10.1056/NEJMp1900504
https://doi.org/10.1038/19083
https://doi.org/10.1016/S1534-5807(01)00091-0
https://doi.org/10.1158/0008-5472.CAN-15-1703
https://doi.org/10.1101/gad.308904
https://doi.org/10.1016/j.cellsig.2015.10.006
https://doi.org/10.1126/stke.3642006cm7
https://doi.org/10.1038/nn1492
https://doi.org/10.1002/ajmg.a.37541
https://doi.org/10.1038/nm1712
https://doi.org/10.1007/s10456-017-9541-1
https://doi.org/10.1016/j.molcel.2004.10.014
https://doi.org/10.1128/MCB.00299-08
https://doi.org/10.1093/jnci/djm148
https://doi.org/10.1182/blood-2008-08-174748
https://doi.org/10.1038/nsmb1227
https://doi.org/10.1016/j.devcel.2015.05.004
https://doi.org/10.1016/S0070-2153(10)92009-7
https://doi.org/10.1002/ajmg.a.34075
https://doi.org/10.1002/ajmg.a.36863
https://doi.org/10.1002/(SICI)1096-8628(19970613)70:3<229::AID-AJMG4>3.0.CO;2-R
https://doi.org/10.1038/nm1716
https://doi.org/10.1016/S0092-8674(03)00810-9
https://doi.org/10.1016/j.ccr.2013.02.020
https://doi.org/10.1038/ng.778
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Canalis

Notch3 and Bone

Iso, T., Kedes, L., and Hamamori, Y. (2003). HES and HERP families: multiple
effectors of the Notch signaling pathway. J. Cell. Physiol. 194, 237-255.
doi: 10.1002/jcp.10208

Iso, T., Sartorelli, V., Poizat, C., Iezzi, S., Wu, H. Y., Chung, G., et al. (2001). HERP,
a novel heterodimer partner of HES/E(spl) in Notch signaling. Mol. Cell. Biol.
21, 6080-6089. doi: 10.1128/MCB.21.17.6080-6089.2001

Katoh, M., and Katoh, M. (2004). Identification and characterization of
human HES2, HES3, and HES5 genes in silico. Int. J. Oncol. 25, 529-534.
doi: 10.3892/ij0.25.2.529

Katz, S. G., Grunebaum, M., and Strand, R. D. (1978). Thoracic and
lumbar dural ectasia in a two-year-old boy. Pediatr. Radiol. 6, 238-240.
doi: 10.1007/BF00975545

Kelley, M. R., Kidd, S., Deutsch, W. A., and Young, M. W. (1987). Mutations
altering the structure of epidermal growth factor-like coding sequences at the
Drosophila Notch locus. Cell 51, 539-548. doi: 10.1016/0092-8674(87)90123-1

Kong, Y. Y., Yoshida, H., Sarosi, I, Tan, H. L., Timms, E., Capparelli, C., et al.
(1999). OPGL is a key regulator of osteoclastogenesis, lymphocyte development
and lymph-node organogenesis. Nature 397, 315-323. doi: 10.1038/16852

Kovall, R. A. (2007). Structures of CSL, Notch and Mastermind proteins: piecing
together an active transcription complex. Curr. Opin. Struct. Biol. 17, 117-127.
doi: 10.1016/j.5b1.2006.11.004

Kovall, R. A. (2008). More complicated than it looks: assembly of Notch pathway
transcription complexes. Oncogene 27, 5099-5109. doi: 10.1038/0nc.2008.223

Krebs, L. T., Xue, Y., Norton, C. R., Sundberg, J. P, Beatus, P., Lendahl, U,
et al. (2003). Characterization of Notch3-deficient mice: normal embryonic
development and absence of genetic interactions with a Notchl mutation.
Genesis 37, 139-143. doi: 10.1002/gene.10241

Krebs, L. T., Xue, Y., Norton, C. R,, Shutter, J. R., Maguire, M., Sundberg, J. P., et al.
(2000). Notch signaling is essential for vascular morphogenesis in mice. Genes
Dev. 14, 1343-1352. doi: 10.1101/gad.14.11.1343

Lafkas, D., Rodilla, V., Huyghe, M., Mourao, L., Kiaris, H., and Fre, S. (2013).
Notch3 marks clonogenic mammary luminal progenitor cells in vivo. J. Cell.
Biol. 203, 47-56. doi: 10.1083/jcb.201307046

Lai, E. C, Deblandre, G. A., Kintner, C., and Rubin, G. M. (2001).
Drosophila neuralized is a ubiquitin ligase that promotes the
internalization and degradation of delta. Dev. Cell. 1, 783-794.
doi: 10.1016/S1534-5807(01)00092-2

Lawal, R. A., Zhou, X,, Batey, K., Hoffman, C. M., Georger, M. A., Radtke,
F., et al. (2017). The Notch ligand jaggedl regulates the osteoblastic lineage
by maintaining the osteoprogenitor pool. J. Bone Miner. Res. 32, 1320-1331.
doi: 10.1002/jbmr.3106

Le Borgne, R, and Schweisguth, F.
endocytosis makes delta signal better.
doi: 10.1016/S0960-9822(03)00199-4

LeBon, L., Lee, T. V., Sprinzak, D., Jafar-Nejad, H., and Elowitz, M. B. (2014).
Fringe proteins modulate Notch-ligand cis and trans interactions to specify
signaling states. Elife 3:¢02950. doi: 10.7554/eLife.02950.020

Lehman, R. A., Stears, J. C., Wesenberg, R. L., and Nusbaum, E. D. (1977).
Familial osteosclerosis with abnormalities of the nervous system and meninges.
J. Pediatr. 90, 49-54. doi: 10.1016/S0022-3476(77)80763-4

Lei, L., Xu, A., Panin, V. M., and Irvine, K. D. (2003). An O-fucose site in the
ligand binding domain inhibits Notch activation. Development 130, 6411-6421.
doi: 10.1242/dev.00883

Limmroth, V., Barkhof, F., Desem, N., Diamond, M. P., Tachas, G., and
Group, A. T. L. S. (2014). CD49d antisense drug ATL1102 reduces disease
activity in patients with relapsing-remitting MS. Neurology 83, 1780-1788.
doi: 10.1212/WNL.0000000000000926

Long, C., Amoasii, L., Mireault, A. A, McAnally, J. R., Li, H., Sanchez-Ortiz,
E., et al. (2016). Postnatal genome editing partially restores dystrophin
expression in a mouse model of muscular dystrophy. Science 351, 400-403.
doi: 10.1126/science.aad5725

McCampbell, A., Cole, T., Wegener, A. J., Tomassy, G. S., Setnicka, A., Farley,
B. J., et al. (2018). Antisense oligonucleotides extend survival and reverse
decrement in muscle response in ALS models. J. Clin. Invest. 128, 3558-3567.
doi: 10.1172/JCI99081

McCright, B., Gao, X., Shen, L., Lozier, J., Lan, Y., Maguire, M., et al. (2001). Defects
in development of the kidney, heart and eye vasculature in mice homozygous
for a hypomorphic Notch2 mutation. Development 128, 491-502.

(2003). Notch
Curr.  Biol. 13,

signaling:
R273-275.

Miyamoto, A., Lau, R, Hein, P. W., Shipley, J. M. and Weinmaster,
G. (2006). Microfibrillar proteins MAGP-1 and MAGP-2 induce Notchl
extracellular domain dissociation and receptor activation. J. Cell. Biochem. 281,
10089-10097. doi: 10.1074/jbc.M600298200

Moellering, R. E., Cornejo, M., Davis, T. N., Del, B. C., Aster, J. C., Blacklow, S.
C., et al. (2009). Direct inhibition of the NOTCH transcription factor complex.
Nature 462, 182-188. doi: 10.1038/nature08543

Murray, S. F., Jazayeri, A., Matthes, M. T., Yasumura, D., Yang, H., Peralta,
R, et al. (2015). Allele-specific inhibition of rhodopsin with an antisense
oligonucleotide slows photoreceptor cell degeneration. Invest. Ophthalmol. Vis.
Sci. 56, 6362-6375. doi: 10.1167/i0vs.15-16400

Mushtaq, G., Hussain, I, Khan, J. A., and Kamal, M. A. (2015). Lateral meningocele
with asymmetric canal stenosis: a case study. Saudi. J. Biol. Sci. 22, 102-105.
doi: 10.1016/j.5jbs.2014.09.001

Nakashima, T., Hayashi, M., Fukunaga, T., Kurata, K., Oh-Hora, M., Feng, J. Q,,
et al. (2011). Evidence for osteocyte regulation of bone homeostasis through
RANKL expression. Nat. Med. 17, 1231-1234. doi: 10.1038/nm.2452

Nakashima, T., Hayashi, M., and Takayanagi, H. (2012). New insights
into osteoclastogenic signaling mechanisms. Trends Endocrinol. Metab. 23,
582-590. doi: 10.1016/j.tem.2012.05.005

Nelson, C. E., Hakim, C. H., Ousterout, D. G., Thakore, P. I, Moreb, E. A,,
Castellanos Rivera, R. M., et al. (2016). In vivo genome editing improves muscle
function in a mouse model of Duchenne muscular dystrophy. Science 351,
403-407. doi: 10.1126/science.aad5143

Ohtsuka, T., Ishibashi, M., Gradwohl,
F., and Kageyama, R. (1999). Hesl
in mammalian neuronal
doi: 10.1093/emboj/18.8.2196

Park, J. H., Lee, N. K,, and Lee, S. Y. (2017). Current understanding of RANK
signaling in osteoclast differentiation and maturation. Mol. Cells 40, 706-713.
doi: 10.14348/molcells.2017.0225

Philip, N., Andrac, L., Moncla, A. Sigaudy, S. Zanon, N., Lena, G,
et al. (1995). Multiple lateral meningoceles, distinctive facies and skeletal
anomalies: a new case of Lehman syndrome. Clin. Dysmorphol. 4, 347-351.
doi: 10.1097/00019605-199510000-00011

Pippucci, T., Maresca, A., Magini, P, Cenacchi, G., Donadio, V.,
Palombo, F., et al. (2015). Homozygous NOTCH3 null mutation and
impaired NOTCH3 signaling in early-onset arteriopathy
and cavitating leukoencephalopathy. EMBO Mol. Med. 7, 848-858.
doi: 10.15252/emmm.201404399

Porteus, M. H. (2019). A new class of medicines through DNA editing. New Engl.
J. Med. 380, 947-959. doi: 10.1056/NEJMra1800729

Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino acid sequences common
to rapidly degraded proteins: the PEST hypothesis. Science 234, 364-368.
doi: 10.1126/science.2876518

Rydziel, S., Stadmeyer, L., Zanotti, S., Durant, D., Smerdel-Ramoya, A,
and Canalis, E. (2007). Nephroblastoma overexpressed (Nov) inhibits
osteoblastogenesis and causes osteopenia. J. Biol. Chem. 282, 19762-19772.
doi: 10.1074/jbc.M700212200

Ryeom, S. W. (2011). The cautionary tale of side effects of chronic Notchl
inhibition. J. Clin. Invest. 121, 508-509. doi: 10.1172/JCI45976

Sanchez-Irizarry, C., Carpenter, A. C., Weng, A. P., Pear, W. S, Aster, J.
C., and Blacklow, S. C. (2004). Notch subunit heterodimerization and
prevention of ligand-independent proteolytic activation depend, respectively,
on a novel domain and the LNR repeats. Mol. Cell. Biol. 24, 9265-9273.
doi: 10.1128/MCB.24.21.9265-9273.2004

Sato, T., Diehl, T. S., Narayanan, S., Funamoto, S., Thara, Y., De, S. B., et al. (2007).
Active gamma-secretase complexes contain only one of each component. J. Biol.
Chem. 282, 33985-33993. doi: 10.1074/jbc.M705248200

Savic, N., and Schwank, G. (2016). Advances in therapeutic CRISPR/Cas9 genome
editing. Transl. Res. 168, 15-21. doi: 10.1016/j.trs1.2015.09.008

Sawaguchi, S., Varshney, S., Ogawa, M., Sakaidani, Y., Yagi, H., Takeshita, K.,
et al. (2017). O-GIcNAc on NOTCHI1 EGF repeats regulates ligand-induced
Notch signaling and vascular development in mammals. Elife 6:¢24419.
doi: 10.7554/eLife.24419.028

Shy, M. E. (2018). Antisense oligonucleotides offer hope to patients with
Charcot-Marie-Tooth disease type 1A. J. Clin. Invest. 128, 110-112.
doi: 10.1172/JCI98617

G., Nakanishi, S., Guillemot,
and Hes5 as Notch effectors

differentiation. EMBO J. 18, 2196-2207.

recessive

Frontiers in Genetics | www.frontiersin.org

January 2021 | Volume 11 | Article 620334


https://doi.org/10.1002/jcp.10208
https://doi.org/10.1128/MCB.21.17.6080-6089.2001
https://doi.org/10.3892/ijo.25.2.529
https://doi.org/10.1007/BF00975545
https://doi.org/10.1016/0092-8674(87)90123-1
https://doi.org/10.1038/16852
https://doi.org/10.1016/j.sbi.2006.11.004
https://doi.org/10.1038/onc.2008.223
https://doi.org/10.1002/gene.10241
https://doi.org/10.1101/gad.14.11.1343
https://doi.org/10.1083/jcb.201307046
https://doi.org/10.1016/S1534-5807(01)00092-2
https://doi.org/10.1002/jbmr.3106
https://doi.org/10.1016/S0960-9822(03)00199-4
https://doi.org/10.7554/eLife.02950.020
https://doi.org/10.1016/S0022-3476(77)80763-4
https://doi.org/10.1242/dev.00883
https://doi.org/10.1212/WNL.0000000000000926
https://doi.org/10.1126/science.aad5725
https://doi.org/10.1172/JCI99081
https://doi.org/10.1074/jbc.M600298200
https://doi.org/10.1038/nature08543
https://doi.org/10.1167/iovs.15-16400
https://doi.org/10.1016/j.sjbs.2014.09.001
https://doi.org/10.1038/nm.2452
https://doi.org/10.1016/j.tem.2012.05.005
https://doi.org/10.1126/science.aad5143
https://doi.org/10.1093/emboj/18.8.2196
https://doi.org/10.14348/molcells.2017.0225
https://doi.org/10.1097/00019605-199510000-00011
https://doi.org/10.15252/emmm.201404399
https://doi.org/10.1056/NEJMra1800729
https://doi.org/10.1126/science.2876518
https://doi.org/10.1074/jbc.M700212200
https://doi.org/10.1172/JCI45976
https://doi.org/10.1128/MCB.24.21.9265-9273.2004
https://doi.org/10.1074/jbc.M705248200
https://doi.org/10.1016/j.trsl.2015.09.008
https://doi.org/10.7554/eLife.24419.028
https://doi.org/10.1172/JCI98617
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Canalis

Notch3 and Bone

Siebel, C., and Lendahl, U.
tissue  homeostasis, and disease.
doi: 10.1152/physrev.00005.2017

Simpson, M. A., Irving, M. D., Asilmaz, E., Gray, M. ]., Dafou, D., Elmslie,
F. V., et al. (2011). Mutations in NOTCH2 cause Hajdu-Cheney syndrome,
a disorder of severe and progressive bone loss. Nat. Genet. 43, 303-305.
doi: 10.1038/ng.779

Song, W., Nadeau, P., Yuan, M., Yang, X,, Shen, J., and Yankner, B. A. (1999).
Proteolytic release and nuclear translocation of Notch-1 are induced by
presenilin-1 and impaired by pathogenic presenilin-1 mutations. Proc. Natl.
Acad. Sci. U. S. A. 96, 6959-6963. doi: 10.1073/pnas.96.12.6959

Swiatek, P.]., Lindsell, C. E., del Amo, F. F., Weinmaster, G., and Gridley, T. (1994).
Notchl is essential for postimplantation development in mice. Genes Dev. 8,
707-719. doi: 10.1101/gad.8.6.707

Tabebordbar, M., Zhu, K., Cheng, J. K. W., Chew, W. L., Widrick, J. J., Yan, W. X,,
et al. (2016). In vivo gene editing in dystrophic mouse muscle and muscle stem
cells. Science 351, 407-411. doi: 10.1126/science.aad5177

van Es, J. H., van Gijn, M. E,, Riccio, O., van den Born, M., Vooijs, M., Begthel,
H., et al. (2005). Notch/gamma-secretase inhibition turns proliferative cells
in intestinal crypts and adenomas into goblet cells. Nature 435, 959-963.
doi: 10.1038/nature03659

Watson, E. C., and Adams, R. H. (2018). Biology of bone: the vasculature
of the skeletal system. Cold Spring Harb. Perspect. Med. 8(7).
doi: 10.1101/cshperspect.a031559

Weinmaster, G., Roberts, V. J., and Lemke, G. (1992). Notch2: a second
mammalian Notch gene. Development 116, 931-941.

Wu, J., and Bresnick, E. H. (2007). Bare rudiments of Notch signaling:
how receptor levels are regulated. Trends Biochem. Sci. 32, 477-485.
doi: 10.1016/j.tibs.2007.09.002

Xiong, J., and O’Brien, C. A. (2012). Osteocyte RANKL: new insights
into the control of bone remodeling. J. Bone Miner. Res. 27, 499-505.
doi: 10.1002/jbmr.1547

Xiong, J., Onal, M., Jilka, R. L., Weinstein, R. S., Manolagas, S. C., and O’Brien, C.
A. (2011). Matrix-embedded cells control osteoclast formation. Nat. Med. 17,
1235-1241. doi: 10.1038/nm.2448

Xu, A, Lei, L., and Irvine, K. D. (2005). Regions of Drosophila Notch that
contribute to ligand binding and the modulatory influence of Fringe. J. Biol.
Chem. 280, 30158-30165. doi: 10.1074/jbc.M505569200

Yamamoto, S., Charng, W. L., and Bellen, H. J. (2010). Endocytosis and
intracellular trafficking of Notch and its ligands. Curr. Top. Dev. Biol. 92,
165-200. doi: 10.1016/S0070-2153(10)92005-X

Yu, J., and Canalis, E. (2019). The Hajdu Cheney mutation sensitizes mice to
the osteolytic actions of tumor necrosis factor alpha. J. Biol. Chem. 294,
14203-14214. doi: 10.1074/jbc.RA119.009824

(2017). Notch signaling in development,
Physiol. ~ Rev. 97, 1235-1294.

Yu, J., Siebel, C. W., Schilling, L., and Canalis, E. (2020). An antibody to Notch3
reverses the skeletal phenotype of lateral meningocele syndrome in male mice.
J. Cell. Physiol. 235, 210-220. doi: 10.1002/jcp.28960

Yuan, Z., Friedmann, D. R., Vanderwielen, B. D., Collins, K. J., and Kovall, R.
A. (2012). Characterization of CSL (CBF-1, Su(H), Lag-1) mutants reveals
differences in signaling mediated by Notchl and Notch2. J. Biol. Chem. 287,
34904-34916. doi: 10.1074/jbc.M112.403287

Zanotti, S., and Canalis, E. (2010). Notch and the skeleton. Mol. Cell. Biol. 30,
886-896. doi: 10.1128/MCB.01285-09

Zanotti, S., and Canalis, E. (2016). Notch signaling and the skeleton. Endocr. Rev.
37,223-253. doi: 10.1210/er.2016-1002

Zanotti, S., and Canalis, E. (2017). Parathyroid hormone
Notch signaling in osteoblasts and osteocytes. Bone 103,
doi: 10.1016/j.bone.2017.06.027

Zanotti, S., Smerdel-Ramoya, A., Stadmeyer, L., Durant, D., Radtke, F,
and Canalis, E. (2008). Notch inhibits osteoblast differentiation and
causes osteopenia. 149, 3890-3899. doi: 10.1210/en.2
008-0140

Zecchini, V., Domaschenz, R., Winton, D., and Jones, P. (2005). Notch signaling
regulates the differentiation of post-mitotic intestinal epithelial cells. Genes Dev.
19, 1686-1691. doi: 10.1101/gad.341705

Zhang, G., Guo, B, Wu, H,, Tang, T., Zhang, B. T., Zheng, L., et al
(2012). A delivery system targeting bone formation surfaces to facilitate
RNAi-based anabolic therapy. Nat. Med. 18, 307-314. doi: 10.1038/
nm.2617

Zhao, H. T., Damle, S., Ikeda-Lee, K., Kuntz, S., Li, J., Mohan, A., et al.
(2018). PMP22 antisense oligonucleotides reverse Charcot-Marie-Tooth
disease type 1A features in rodent models. J. Clin. Invest. 128, 359-368.
doi: 10.1172/JCI96499

Zhu, C., Kim, K., Wang, X. Bartolome, A., Salomao, M., Dongiovanni,
P, et al. (2018). Hepatocyte Notch activation induces liver fibrosis
in  nonalcoholic  steatohepatitis.  Sci. Med.  10:eaat0344.
doi: 10.1126/scitranslmed.aat0344

inhibits
159-167.

Endocrinology

Transl.

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Canalis. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

10

January 2021 | Volume 11 | Article 620334


https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1038/ng.779
https://doi.org/10.1073/pnas.96.12.6959
https://doi.org/10.1101/gad.8.6.707
https://doi.org/10.1126/science.aad5177
https://doi.org/10.1038/nature03659
https://doi.org/10.1101/cshperspect.a031559
https://doi.org/10.1016/j.tibs.2007.09.002
https://doi.org/10.1002/jbmr.1547
https://doi.org/10.1038/nm.2448
https://doi.org/10.1074/jbc.M505569200
https://doi.org/10.1016/S0070-2153(10)92005-X
https://doi.org/10.1074/jbc.RA119.009824
https://doi.org/10.1002/jcp.28960
https://doi.org/10.1074/jbc.M112.403287
https://doi.org/10.1128/MCB.01285-09
https://doi.org/10.1210/er.2016-1002
https://doi.org/10.1016/j.bone.2017.06.027
https://doi.org/10.1210/en.2008-0140
https://doi.org/10.1101/gad.341705
https://doi.org/10.1038/nm.2617
https://doi.org/10.1172/JCI96499
https://doi.org/10.1126/scitranslmed.aat0344
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	The Skeleton of Lateral Meningocele Syndrome
	Notch Receptors and Ligands
	Notch Signal Activation
	Clinical Aspects of Lateral Meningocele Syndrome (LMS)
	Genetic Aspects of Lateral Meningocele Syndrome
	Preclinical Models of Lateral Meningocele Syndrome
	Interventions to Ameliorate the Lateral Meningocele Syndrome Phenotype
	Major Gaps in Knowledge and Future Studies
	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References


