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Abstract

Lateral meningocele syndrome (LMS), a genetic disorder characterized by meningoceles and
skeletal abnormalities, is associated with NOTCH3 mutations. We created a mouse model of LMS
(Notch3™m1.1Ecam by introducing a tandem termination codon in the Motch3 locus upstream of the
PEST domain. Microcomputed tomography demonstrated that Notch3™1-1£¢an mice exhibit
osteopenia. The cancellous bone osteopenia was no longer observed following the intraperitoneal
administration of antibodies directed to the negative regulatory region (NRR) of Notch3. The anti-
Notch3 NRR antibody suppressed the expression of Hes, HeyI and Hey2 (Notch target genes),
and decreased 7nfsf11 (RANKL) mRNA in Notch3i™1-1Ecan gsteoblast cultures. Bone marrow-
derived macrophages (BMM) from Notch3™1-1E¢an mutants exhibited enhanced
osteoclastogenesis in culture; this was increased in co-cultures with Notch3f™1-1Ecan gsteoblasts.
Osteoclastogenesis was suppressed by anti-Notch3 NRR antibodies in Notch3mL1Ecan
osteoblasts/BMM co-cultures. In conclusion, the cancellous bone osteopenia of Notch3m1-1£can
mutants is reversed by anti-Notch3 NRR antibodies.

Keywords
Lateral Meningocele Syndrome; Notch; Notch antibodies; bone remodeling; genetic disorders

Address correspondence to: Ernesto Canalis, M.D., Departments of Orthopaedic Surgery and Medicine, UConn Health, 263
Farmington Avenue, Farmington, CT 06030-4037, Telephone: (860) 679-7978, Fax: (860) 679-1474, canalis@uchc.edu.

AUTHOR CONTRIBUTIONS

JY conducted experiments, analyzed data and edited the manuscript. CS participated in the design of research studies and edited the
manuscript. LS conducted experiments. EC conceived and designed research studies, analyzed data and wrote the manuscript.

Disclosure Statement: Christian W. Siebel is employed by Genentech. The other authors have nothing to disclose.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the corresponding author upon reasonable request.

CONFLICT OF INTEREST
JY, LS and EC declare no conflicts of interest with the contents of this article. CS is employed by Genentech.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu et al. Page 2

INTRODUCTION

Notch receptors (Notchl to 4) are transmembrane proteins that define cellular fate in
multiple tissues including bone, where they influence skeletal development and bone
homeostasis (Canalis, 2018; Fortini, 2009; Siebel & Lendahl, 2017; Zanotti & Canalis,
2016). Following interactions with ligands of the Jagged and Delta-like families, Notch
receptors are activated. The extracellular domain is the site of Notch interacting with its
ligands, and at the junction of the extracellular and the transmembrane domain rests the
negative regulatory region (NRR), which is the site of cleavage necessary for the activation
of Notch (Sanchez-Irizarry et al., 2004). Notch ligand interactions lead to the unfolding of
the NRR making it accessible to ADAM metalloproteases and the -y-secretase complex for
proteolytic cleavage freeing the Notch intracellular domain (NICD) (Gordon et al., 2015).
The NICD translocates to the nucleus, and there it interacts with recombination signal-
binding protein for Ig of x (RBPJx) and mastermind-like (MAML) to induce target gene
transcription (Kovall, 2008; Nam, Sliz, Song, Aster, & Blacklow, 2006; Schroeter,
Kisslinger, & Kopan, 1998; Wilson & Kovall, 2006). Genes induced by this canonical
pathway include Hairy Enhancer of Split (Hes) and Hes-related with YRPW motif (He))
(Iso, Kedes, & Hamamori, 2003; Kobayashi & Kageyama, 2014).

Notch1, Z2and 3and low levels of Nofch 4 mRNA are expressed by skeletal cells (Bai et al.,
2008; Canalis, 2018; Zanotti & Canalis, 2017). Notchl and Notch2 are detected in the
osteoblast and osteoclast lineages, whereas Notch3 is present in the osteoblast but not in the
osteoclast lineage. Although there is a degree of overlap in the function of Notch receptors,
each Notch receptor has specific cellular patterns of expression and plays a unique role in
skeletal physiology (Canalis, 2018). Notch1 suppresses the differentiation of osteoblasts and
osteoclasts, Notch2 suppresses osteoblast differentiation but enhances osteoclast
differentiation and Notch3 induces osteoclastogenesis by indirect mechanisms,
demonstrating specific actions of Notch receptors in skeletal cells (Bai et al., 2008; Canalis,
Schilling, Yee, Lee, & Zanotti, 2016; Canalis, Yu, Schilling, Yee, & Zanotti, 2018;
Fukushima et al., 2008). Reaffirming the distinct function of each Notch receptor is the fact
that loss- or gain-of-function mutations of the various Notch receptors are associated with
distinct genetic diseases (Canalis, 2018; Zanotti & Canalis, 2016).

Lateral Meningocele Syndrome (LMS) or Lehman Syndrome (Online Mendelian Inheritance
in Man 130720) is a rare genetic disorder characterized by craniofacial and skeletal
abnormalities, meningoceles and neuromuscular dysfunction (Avela, Valanne, Helenius, &
Makitie, 2011; Gripp et al., 1997; Lehman, Stears, Wesenberg, & Nusbaum, 1977). LMS is
associated with short deletions or point mutations in exon 33 of NOTCH3resulting in the
premature termination of the protein product upstream of the proline (P), glutamic acid (E),
serine (S) and threonine (T) (PEST) domain. This is necessary for the degradation of the
NOTCHS3 NICD, and the absence of the PEST domain results in the stabilization of the
NOTCH3 protein (Gripp et al., 2015). Although the mutations extend the half-life of the
NOTCHS3 NICD, they do not activate Notch3 on their own since activation requires the
proteolytic cleavage of the NRR. However, Notch3 activation is complex. Whereas ligand
binding triggers unfolding of the NRR, and thus proteolytic cleavage of the Notch3 NRR
domain, there is a degree of ligand-independent signaling, possibly leading to a gain-of-
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NOTCH3 function in LMS (Canalis et al., 2018; Choy et al., 2017; Siebel & Lendahl, 2017,
Tiyanont, Wales, Siebel, Engen, & Blacklow, 2013; Xu et al., 2015).

We created a mouse model reproducing the functional aspects of mutations found in subjects
afflicted by LMS (Canalis et al., 2018). In this model, termed Notch3™L1Ecan 5 tandem
termination codon was introduced into exon 33 of AMofch3 causing the translation of a
truncated NOTCH3 of 2230 amino acids lacking the PEST domain. Notch3™1-1Ecan mice do
not manifest the neuromuscular complications of the human disease, but heterozygous mice
exhibit an increase in osteoclast number leading to a state of enhanced bone remodeling and
osteopenia (Canalis et al., 2018).

In the present work, we attempted to answer the question as to whether the skeletal
manifestations of Motch3™1-1Ecan mutant mice could be reversed by intervention. For this
purpose, Notch3'm1-1Ecan mice were treated with a novel antibody, anti-Notch3 NRR, that
selectively inhibits signaling through the Notch3 receptor using the previously described
mechanism in which antibody binding stabilizes the quiescent conformation of the NRR
(Wu et al., 2010). Thus, our studies here aim to determine whether persistent Notch3
signaling is necessary to maintain the Notch3™1-1£¢an phenotype and whether an anti-
Notch3 NRR antibody could serve as a therapeutic modality in an experimental model of
LMS. To establish the effect of the anti-Notch3 NRR antibody, Notch3™1-1Ecan gnd control
littermates were administered anti-Notch3 NRR or a non-targeting isotype control antibody
(anti-ragweed) and characterized by bone microarchitectural analysis.

MATERIALS AND METHODS

Notch3tml.1Ecan pMytant Mice—

Notch3™11Ecan mytant mice have been described previously (Canalis et al., 2018). Briefly,
the termination codon ACCAAG>TAATGA was inserted into the Mofch3 locus at 6691~
6696. The introduction of the tandem termination codon results in the translation of a
truncated protein product of 2230 amino acids devoid of the PEST domain. Heterozygous
Notch3™1.1Ecan mutant mice in a C57BL/6J genetic background were mated with wild type
C57BL/6 mice to create heterozygous Notch3ML1Ecan and littermate sex-matched controls
for study. Genotypes were established by polymerase chain reaction (PCR) analysis of DNA
in tail extracts using forward primer 5’-GTGCTCAGCTTTGGTCTGCTC-3" and reverse
primer 5’-CGCAGGAAGCGCCTCATTA-3’ for the Notch3ML1E¢can or 5°.
CGCAGGAAGCGGGCCTTGG-3’ for the wild type allele (Integrated DNA Technologies
(IDT), Coralville, 1A), as described (Canalis et al., 2018). Notch3™L-1Ecan mytant and
control littermate male mice of 1 month of age were administered anti-Notch3 NRR or anti-
ragweed antibody (Genentech, South San Francisco, CA), both suspended in phosphate
buffered saline (PBS), intraperitoneally (IP) at a dose of 20 mg/Kg twice a week for a total
of 8 doses and sacrificed at 2 months of age.

Anti-Notch3 NRR Antibody)—

Human antibodies targeting the human and mouse Notch3 NRR domain were generated via
phage display technologies as described previously for Notchl and Notch2 (Wu et al., 2010).
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To facilitate studies in mice, the human IgG1 antibody backbone was swapped for the mouse
IgG2a backbone using standard DNA cloning techniques. Anti-Notch3 NRR (anti-
NRR3.b21) was characterized /n vitro and shown to selectively inhibit ligand-induced
signaling from Notch3 but not Notchl or Notch2. The control antibody is a nonbinding
isotype control (as used by Wu et al., 2010) that carries the same mouse 1gG2a backbone
and targets the ragweed protein instead of Notch3.

Microcomputed Tomography (UCT)—

Microarchitectural analysis of femurs was conducted using a Scanco UCT 40 instrument
(Scanco Medical AG, Bassersdorf, Switzerland), which underwent periodic calibrations
using a manufacturer-provided phantom (Scanco Medical AG) (Bouxsein et al., 2010;
Canalis, Kranz, & Zanotti, 2014; Glatt, Canalis, Stadmeyer, & Bouxsein, 2007; Yu, Zanotti,
Schilling, & Canalis, 2018). Femoral bones were scanned in 70% ethanol at high resolution,
energy level of 55 kVp, intensity of 145 pA, and integration time of 200 ms, as reported (Yu
et al., 2018). One hundred slices at midshaft and 160 slices at the distal metaphysis were
acquired at a thickness of 6 um and isotropic voxel size of 216 pm3, and selected for
analysis. Cancellous bone volume fraction (bone volume/total volume) and
microarchitectural properties were assessed starting about 1.0 mm proximal from both
femoral condyles. Contours were drawn manually at a 10 slice interval to define the region
of interest for analysis, and the remaining slice contours were iterated automatically. Total
volume, bone volume, number and thickness of trabeculae, connectivity density, structure
model index (SMI) and material density were measured in cancellous bone using a Gaussian
filter (o = 0.8) and user defined thresholds (Bouxsein et al., 2010; Glatt et al., 2007). To
analyze cortical bone, contours were iterated across 100 slices along the cortical shell at the
midshaft of the femur, as reported (Canalis & Zanotti, 2017). Analysis of bone volume/total
volume, cortical porosity and thickness, total cross sectional, marrow and cortical bone area,
periosteal and endosteal perimeter and material density were carried out using a Gaussian
filter (o = 0.8, support = 1) with thresholds defined by the operator, as previously described
(Canalis & Zanotti, 2017) .

Calvarial Osteoblast-enriched Cell Cultures—

Parietal bones from Notch3™1-1E¢can mice and control littermates were obtained at 3 to 5
days of age and treated with Liberase TL 1.2 U/ml (Sigma-Aldrich, St. Louis, MO) for 20
min at 37°C and cells obtained in 5 sequential reactions, as reported (Canalis et al., 2018;
Yesil et al., 2009). Cells from digestions 3 to 5 were pooled and seeded at 10,000 cells/cm?
density, as reported (Canalis et al., 2018; Canalis, Zanotti, & Smerdel-Ramoya, 2014).
Osteoblast-enriched cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with non-essential amino acids (both from Thermo Fisher Scientific,
Waltham, MA), 20 mM HEPES, 100 ug/ml ascorbic acid (both from Sigma-Aldrich) and
10% heat-inactivated fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA) in a 5%
CO», incubator at 37°C, as reported (Zanotti, Yu, Adhikari, & Canalis, 2018). Anti-Notch3
NRR antibody or control anti-ragweed antibody were tested at a concentration of 20 pg/ml
of culture medium.
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Bone Marrow-derived Macrophages (BMMs) Cultures—

BMMs were isolated by flushing the marrow from Notch3™mL1E¢can gnd littermate mice with
a 26 gauge needle, as described previously (Canalis, Sanjay, Yu, & Zanotti, 2017).
Erythrocytes were lysed in 150 mM NH4CI, 10 mM KHCO3 and 0.1 mM EDTA (pH 7.4)
and cells were separated by centrifugation and suspended in a-minimum essential medium
(a-MEM) (Thermo Fisher Scientific) in the presence of 10% FBS and 30 ng/ml of human
macrophage colony stimulating factor (M-CSF). M-CSF was purified as described, and M-
CSF cDNA and expression vector were provided by D. Fremont (Washington University, St.
Louis, MO) (Lee et al., 2006). Cells were plated at a density of 300,000 cells/cm? on
uncoated plastic petri dishes and cultured in the presence of M-CSF for 3 days, as described
(Canalis et al., 2018; Yu et al., 2018). The cell layer was then treated with 0.25% trypsin/
EDTA for 5 min and cells recovered and seeded at a density of 47,000 cells/cm? on tissue
culture plates in a-MEM with 10% FBS, 30 ng/ml of M-CSF and 10 ng/ml of murine
receptor activator of NF Kappa B ligand (RANKL) and anti-Notch3 NRR or control
antibodies at 20 pg/ml. 7nfsfl1 cDNA and expression vector were provided by from M.
Glogauer (Toronto, Canada), and GST-tagged RANKL was expressed and purified as
described (Wang et al., 2008).

To explore whether factors derived from the osteoblast contributed to osteoclastogenesis,
cells enriched in osteoblasts and obtained from either Notch3™1-1£can or |ittermate controls
were seeded at a 15,700 cells/cm? density in a-MEM with BMMs from either genotype
seeded at 47,000 cells/cm? density and cultured with 1,25 dihydroxyvitamin D3 (Enzo Life
Science, Farmingdale, NY) at 10 nM with anti-Notch3 NRR or control antibodies at 20
pg/ml, as described (Canalis et al., 2018). Cultures were conducted until multinucleated
tartrate resistant acid phosphatase (TRAP)-positive cells were formed. Enzyme
histochemical analysis for TRAP was performed using a commercial kit (Sigma-Aldrich),
according to manufacturer’s instructions. Cells containing 3 or more nuclei staining positive
for TRAP were considered osteoclasts.

Quantitative Reverse Transcription-PCR—

RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA) in accordance with
instructions from the manufacturer (Nazarenko, Lowe, et al., 2002; Nazarenko, Pires, Lowe,
Obaidy, & Rashtchian, 2002). The iScript RT-PCR kit was used to reverse transcribe equal
amounts of RNA (BioRad, Hercules, CA) and products were amplified in the presence of
specific primers (IDT) (Table 1) with SsoAdvanced Universal SYBR Green Supermix
(BioRad) at 60°C for 40 cycles. Copy humber was determined by comparing test samples to
serial dilutions of HesZ (from American Type Culture Collection (ATCC), Manassas, VA),
Hey1, Hey2 (from T. Iso, Gunma University, Gunma, Japan), or 7nfsf11 cDNA (from
Source Bioscience, Nuttingham, UK) (Iso et al., 2001; Nakagawa, Nakagawa, Richardson,
Olson, & Srivastava, 1999). To estimate the copy number for Notch3™m1-1E¢an transcripts,
samples were compared to serial dilutions of a 90 bp DNA fragment (IDT) surrounding the
Notch36691-6696 ACCAAG>TAATGA mutation, and cloned into pcDNA3.1(-) (Thermo
Fisher Scientific) by isothermal single reaction assembly (New England Biolabs, Ipswich,
MA), as reported (Canalis et al., 2018; Gibson et al., 2009). Amplification reactions were
carried out in a CFX96 real-time PCR detection system (BioRad), and fluorescence was
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monitored during every PCR cycle at the annealing step. Data are reported as copy number,
corrected for Rp/38 (from ATCC) (Kouadjo, Nishida, Cadrin-Girard, Yoshioka, & St-
Amand, 2007).

Values are reported as means + SD. /n vivo data represent biological replicates, and /n vitro
data represent technical replicates. gRT-PCR values represent 2 technical replicates of
biological or technical replicates as stated in figure legends. Analysis of variance (ANOVA)
for multiple comparisons with Holm-Sidéak post-hoc analysis was used to establish statistical
differences.

Notch3tml.1Ecan pice—

Although Notch3™mL1Ecan mice of both sexes exhibit osteopenia defined as decreased
cancellous bone volume, this persists into adulthood in male mice (Canalis et al., 2018). As
a consequence, the present studies were conducted in male Notch3™mL-1£can mice,
Heterozygous male Notch3™L-1Ecan mice were compared to wild type littermates matched
for sex in a C57BL/6J background following crosses of heterozygous Notch3™1-1£can mice
with wild type mice. Consistent with prior observations, the body weight and the femoral
length of 2 month old Notch3™1-1Ecan heterozygous mice were equivalent to those of control
mice (Figure 1) (Canalis et al., 2018). The administration of anti-Notch3 NRR or control
antibody at 20 mg/Kg IP twice a week for 4 weeks did not cause obvious unwanted effects;
mice appeared healthy and their body weight and femoral length were not altered by anti-
Notch3 NRR antibodies (Figure 1).

Skeletal Phenotype—

In accordance with previous work, uCT of the distal femur demonstrated that 2 month old
male Notch3™1-1Ecan mice displayed a 40% reduction in cancellous bone volume together
with a decrease in the number of trabeculae, connectivity density and density of material and
an increase in SMI (Figure 2) (Canalis et al., 2018). Administration of anti-Notch3 NRR
antibody did not alter the cancellous bone volume or number of trabeculae of control mice.
However, the osteopenia of Notch3™1-1E¢an mice was no longer observed following the
administration of anti-Notch3 NRR antibodies (Figure 2). As a consequence, bone volume/
total volume, trabecular number, connectivity and density of material of Notch3m1.1Ecan
mice administered anti-Notch3 NRR antibodies were significantly higher and SMI
significantly lower than placebo-treated Notch3™1-1Ecan mice and not different from the
values observed in control mice administered anti-Notch3 NRR antibodies (Figure 2). The
results demonstrate that anti-Notch3 NRR antibodies can reverse the cancellous bone
osteopenia of Notch3™1L-1Ecan mice. uCT of cortical bone revealed modest alterations in the
cortical structure of Notch3™L-1Ecan mice; bone volume and cortical bone thickness were
decreased. Endocortical perimeter was greater in Notch3'™L-1£¢an than in control mice
suggesting increased cortical remodeling (Figure 3). Anti-Notch3 NRR antibodies did not
modify the decrease in cortical bone volume or in cortical thickness of Notch3imL-1Ecan
mice, and these parameters remained significantly decreased when compared to control mice
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treated with anti-Notch3 NRR antibodies indicating no resolution of the cortical osteopenia
(Figure 3).

Calvarial Osteoblast-enriched Cell Cultures—

Notch36691-TAATGA transcripts were present in cells from Notch3!ML-1E¢an mytant mice but
not in control cultures; and Hes1, Heyl and HeyZ2transcripts were increased in
Notch3™1.1Ecan osteoblasts revealing that Notch signaling was activated (Figure 4). In
accordance with prior observations, 7nfsfl11, encoding RANKL was induced in
Notch3fmL-1Ecan osteoblasts. Anti-Notch3 NRR antibodies added to the culture medium for 1
week opposed the induction of HesZ and Heyl and of 7nfsfl1, but not of Hey2 mRNA in
cells from Notch3™ML1Ecan mice (Figure 4). Notch36991-TAATGA transcripts were not affected
significantly by the anti-Notch3 NRR antibody. In an alternate experiment, where Hey2
mRNA was induced in osteoblast cultures from (means + SD; n=4) 1.0 + 0.1 in control
cells to 1.7 0.3 in Notch3™1L-1Ecan pstepblasts (p < 0.05), treatment with anti-Notch3 NRR
antibody for 2 weeks reduced Hey2mRNA to 1.2 + 0.2 in Notch3™L-1Ecan cells (p < 0.05
vs. ragweed antibody treated Notch3(1-1Ecan cells). The results indicate a prevention of
Notch3 activation and a reversal of the 7nfsfl1 (RANKL) induction by anti-Notch3 NRR
antibodies.

BMM Cultures and Osteoclast Formation—

BMMs from Notch3'™L1Ecan mytants and control littermates were incubated with M-CSF at
30 ng/ml for 3 days followed by the subsequent addition of RANKL at 10 ng/ml in
conjunction with M-CSF at 30 ng/ml, as reported (Canalis et al., 2018; Yu et al., 2018). The
number of osteoclasts, defined as multinucleated cells that were positive for TRAP, was
augmented by ~30% in Notch3™mL1Ecan oy ltures (Figure 5). However, Notch36691-TAATGA
transcripts were not detected in Notch3™m1-1Ecan BMMs, and Notch3 mRNA was not
detected in either mutant or wild type BMMs (data not shown). Consequently, the anti-
Notch3 NRR antibody did not prevent the enhanced osteoclastogenesis observed in
Notch3™m1.1Ecan BMM cultures (Figure 5). This suggests that the phenotype observed in
BMM cultures is secondary to events that occurred /n vivo. To determine whether the
osteoblast is the cell accountable for the increased osteoclastogenesis, Notch3™ML-1Ecan gnd
control BMMs were co-cultured with osteoblasts from either control or Notch3™m1.1Ecan
mice. Osteoclast number was increased in Notch3™1-1Ecan g\iMs whether the BMMs were
cultured in the presence of control or Nofch3™1-1Ecan gsteoblasts (Figure 6). Osteoblasts
from Notch3™1-1Ecan mice increased osteoclast formation in both wild type and
Notch3™1.1Ecan mutant BMMs, and the effect was reversed by anti-Notch3 NRR antibodies
(Figure 6). This is in line with the inhibitory effect of anti-Notch3 NRR antibodies on
RANKL expression by Notch3™m1-1Ecan gstepblasts.

DISCUSSION

The present findings confirm that the introduction of a mutation into the mouse genome
replicating the one reported in LMS results in osteopenia of the cancellous and cortical bone
compartments. Whereas the osteopenic phenotype is present in male and female young
mice, it persists in mature male mice. Consequently, at 1 month of age male mice were
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treated with anti-Notch3 NRR antibodies for 4 weeks. The anti-Notch3 NRR antibody was
effective in reversing the cancellous bone osteopenia of Notch3™1-1E¢a male mice. The
results do not necessarily apply to female mice since male mice were studied. An additional
limitation of the present experimental design is that the same mouse could not be evaluated
prior to and following the administration of anti-Notch3 NRR antibodies, because the
evaluation would have required the sacrifice of mice at baseline and prior to treatment
initiation.

The Notch3™1-1Ecan mouse recapitulates selected aspects of LMS, but Notch3ML-1Ecan mice
do not manifest the neurological manifestations of the human disease. There is no obvious
explanation for the difference in the phenotype observed between humans and mice. It is
possible that additional phenotypic traits might appear as Notch3™1-1Ecan mice age, since so
far we have examined only relatively young adult mice.

Although cells of the osteoclast lineage do not express Notch3 mRNA, the maturation of
Notch3™m11Ecan gsteoclast precursors as multinucleated osteoclasts in response to RANKL
was enhanced. This suggests that the increased osteoclast differentiation observed in BMM
cultures from Notch3™1-1£can mice was secondary to prior events occurring 77 vivo. In
accordance with the lack of Notch3 expression by BMMs, the anti-Notch3 NRR antibody
did not affect the enhanced osteoclastogenesis of Notch3™1-1Ecan BMMs in vitro. In
contrast, the anti-Notch3 NRR antibody prevented the enhanced osteoclastogenesis observed
when BMMs were co-cultured with osteoblasts from Notch3™1-1Ecan mice suggesting that
the increased osteoclastogenesis was dependent on an event occurring in cells of the
osteoblast lineage. This is in agreement with the enhanced RANKL expression in osteoblasts
from Notch3™mL1Ecan mice, which is likely responsible for the enhanced osteoclastogenesis
observed and was reversed by the anti-Notch3 NRR antibody (Canalis et al., 2018). The
suppression of RANKL expression explains the resolution of the osteopenia following the
administration of antibodies targeting the Notch3 NRR.

In contrast to the actions of Notch1 and Notch2 on osteoclast differentiation,
Notch3™11Ecan mice have distinct effects in the myeloid lineage. Notch1 inhibits osteoclast
maturation by direct and indirect mechanisms, whereas Notch2 induces osteoclast
differentiation by direct mechanisms and by the induction of RANKL by osteoblasts (Bai et
al., 2008; Canalis et al., 2016; Fukushima et al., 2008; Zanotti et al., 2017). In contrast,
Notch3 induces osteoclastogenesis only by indirect mechanisms enhancing the expression of
RANKL by the osteoblast and osteocyte, since BMMSs do not express Notch3 mRNA
(Canalis et al., 2018).

Notch signal downregulation can be achieved by diverse approaches including the utilization
of biochemical inhibitors, antibodies to nicastrin or to Notch receptors or their ligands, and
the use of small molecules that interfere with the formation of a NICD/RBPJx/MAML
ternary complex (Ryeom, 2011). Inhibitors of y-secretase are often used to prevent the
cleavage of Notch receptors by Presenilins (De Strooper et al., 1999). However, inhibitors of
y-secretase affect many substrates and lack specificity (Duggan & McCarthy, 2016). An
alternative is the use of anti-nicastrin antibodies since nicastrin forms part of the -y-secretase
complex (Siebel & Lendahl, 2017). Thapsigargin inhibits the sarco/endoplasmic reticulum
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Ca%*-ATPase and as such prevents Notch maturation and folding, and Notch effects (llagan
& Kopan, 2013; Largaespada & Ratner, 2013). Thapsigargin and -y-secretase inhibitors are
limited by the fact that they do not discriminate among Notch receptors when preventing
their activation. Stapled peptides that preclude the assembly of a Notch transcriptional
complex have been employed to inhibit Notch receptors, although their efficacy is not fully
established (Moellering et al., 2009).

Individual Notch receptors can be targeted specifically by the use of antibodies to the NRR,
and these have been developed to target Notchl, Notch2 and Notch3 (Li et al., 2008; Wu et
al., 2010). Targeting the NRR prevents cleavage and, therefore, activation of Notch
receptors, making it ideal for the specific neutralization of each Notch isoform. This is the
reason why anti-Notch3 NRR antibodies were chosen to resolve the osteopenia of
Notch3™1.1Ecan mice, One should be cautious and not extrapolate the present results to the
human disease since knowledge on the suppression of Notch3 activity in humans is scarce.
The homozygous NOTCH3null mutation presents with cerebrovascular abnormalities and
leukoencephalopathy demonstrating that long-term deficiency of Notch3 can have negative
vascular consequences (Pippucci et al., 2015). However, it is not known whether prolonged
Notch3 neutralization results in unwanted events, as described for other Notch receptors
(Ridgway et al., 2006; Yan et al., 2010).

In conclusion, Notch3™1-1E£can mice, a murine model of LMS, present with cancellous bone
osteopenia, and this is reversed following their treatment with anti-Notch3 NRR antibodies.
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ABBREVIATIONS

The abbreviations used are:

aMEM a-minimum essential medium
BMM bone marrow-derived macrophage
BA bone area

BV/TV bone volume/tissue volume
Ct.Th cortical thickness

Conn.D connectivity density

DMEM Dulbecco’s modified Eagle’s medium
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Ec.Pm endocortical perimeter
FBS fetal bovine serum
Hes Hairy Enhancer of Split
Hey Hes-related with YRPW motif
M-CSF macrophage colony stimulating factor
MAML mastermind-like
uCT microcomputed tomography
NRR negative regulatory region
NICD Notch intracellular domain
OB osteoblasts
PBS phosphate buffered saline
PEST proline (P), glutamic acid (E), serine (S) and threonine (T)
Ps.Pm periosteal perimeter
PCR polymerase chain reaction
gRT-PCR quantitative reverse transcription-PCR
RANKL receptor activator of NF Kappa B ligand
RBPJx recombination signal-binding protein for Ig of x
SMI structure model index
TRAP tartrate-resistant acid phosphatase
TA total area
Th.N. trabecular number
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Figure 1.
Weight and femoral length of male Notch3"™L-1Ecan mutant mice (black bars) and sex-

matched littermate wild type controls (white bars) treated with anti-Notch3 NRR (N3NRR)
or anti-ragweed control antibody (Ctrl) twice a week for 4 weeks. Values are means + SD; n
=710 10.

Ctrl N3NRR Ctrl N3NRR
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Figure 2.
Cancellous bone microarchitecture assessed by UCT of the distal femur from 2 month old

Notch3™1.1Ecan myutant male mice (black bars) and sex-matched littermate controls (white
bars) treated with anti-Notch3 NRR (N3NRR; n = 8 to 9) or anti-ragweed control antibody
(Ctrl; n =7 to 10), both at 20 mg/Kg, twice a week for 4 weeks prior to sacrifice. Parameters
shown are: bone volume/tissue volume (BV/TV); trabecular number (Th.N); connectivity
density (Conn.D); structure module index (SMI) and density of material. Values are means +
SD. *Significantly different between Notch3™1-1Ecan and control mice, p < 0.05.
#Significantly different between anti-Notch3 NRR and control antibody, p< 0.05. A
representative image shows cancellous bone osteopenia in Mofch3™1-1£¢an mutant mice and
its reversal by anti-Notch3 NRR antibodies.
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Figure 3.
Cortical bone microarchitecture assessed by uCT of the femoral mid-shaft from 2 month old

Notch3™1.1Ecan mytant male mice and sex-matched littermate controls treated with anti-
Notch3 NRR (N3NRR; n = 8 to 9) or anti-ragweed control antibody (Ctrl; n = 7 to 10), both
at 20 mg/Kg, twice a week for 4 weeks prior to sacrifice. Parameters shown are: bone
volume/tissue volume (BV/TV); cortical thickness (Ct.Th); periosteal (Ps.Pm) and
endocortical perimeter (Ec.Pm); total (TA) and bone area (BA). Values are means * SD.
*Significantly different between Notch3™1-1E¢an gnd control mice, p < 0.05. A
representative image shows cortical thinning in Notch3™1-1£can mytant mice and no reversal
by anti-Notch3 NRR antibody.
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Calvarial osteoblast-enriched cells from Notch3L-1Ecan mytant (black bars) and wild type
(white bars) littermate controls were isolated and cultured in the presence of anti-Notch3
NRR (N3NRR) or anti-ragweed control antibody (Ctrl) at 20 pg/ml for 1 week. Total RNA
was extracted, and gene expression determined by gRT-PCR in the presence of specific
primers. Data are expressed as Notch36691-TAATGA mutant, Hes1, Heyl, Hey2and Tnfsf11
copy number corrected for Rp/38. Values are means + SD; n = 4. *Significantly different
between Notch3™1-1Ecan mutant and wild type control cells, p < 0.05. #Significantly

different between anti-Notch3 NRR and control antibody, p < 0.05.
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Figure 5.
Bone marrow cells, harvested from long bones of Notch3™L-1E¢an mytant (black bars) and

wild type littermate controls (white bars) were grown for 72 hours in the presence of M-CSF
at 30 ng/ml and then seeded in the presence of M-CSF 30 ng/ml and RANKL at 10 ng/ml in
the presence of anti-Notch3 NRR (N3NRR) or anti-ragweed control antibody (Ctrl) at 20
ug/ml for osteoclast formation. Representative images of TRAP-stained multinucleated cells
are shown to the left. Data are expressed as total number of TRAP-positive multinucleated
cells/well. Values are means + SD; n = 4 technical replicates. *Significantly different
between Notch3™m1-1Ecan mutant and wild type control cells, p< 0.05.
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Figure 6.
Bone marrow cells harvested from long bones of Notch3™1-1Ecan mytants (black bars) and

wild type littermate controls (white bars) were cultured for 72 hours in the presence of M-
CSF at 30 ng/ml. BMMs from control and Notch3™L-1Ecan mytant mice were seeded on
culture dishes in the presence of osteoblasts (OB) from control or Notch3™L-1E¢an mytant
mice with 1,25 dihydroxyvitamin D3 at 10 nM in the presence of anti-Notch3 NRR
(N3NRR) or anti-ragweed control antibody (Ctrl) at 20 pg/ml, and assessed for the
appearance of TRAP-positive multinucleated cells. Representative images of TRAP-stained
multinucleated are shown in the upper panels. Data are expressed as total number of TRAP-
positive multinucleated cells/well. Values are means + SD; n = 4 technical replicates.
*Significantly different between Notch31-1E¢can and control BMM, p < 0.05. #Significantly
different between Notch3™1-1Ecan gnd control calvarial osteoblast-enriched cells, p < 0.05.
tSignificantly different between anti-Notch3 NRR and control antibody, p < 0.05.
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Primers used for qRT-PCR determinations. GenBank accession numbers identify transcript recognized by

Table 1.

primer pairs.
GenBank
Gene Strand Sequence 5'-3" Accession
Number
Forward | 5-ACCAAAGACGGCCTCTGAGCACAGAAAGT-3'
Hest Reverse | 5-ATTCTTGCCCTTCGCCTCTT-3 NM_008235
Forward | 5-ATCTCAACAACTACGCATCCCAGC-3
Hey1 Reverse | 5-GTGTGGGTGATGTCCGAAGG-3' NM_010423
Forward | 5-AGCGAGAACAATTACCCTGGGCAC-3'
Hey2 Reverse | 5-GGTAGTTGTCGGTGAATTGGACCT-3' NM_013904
Forward | 5-CCGATTCTCCTGTCGTTGTCTCC-3
Notch3 Reverse | 5-TGAACACAGGGCCTGCTGAC-3' NM_008716
Forward | 5-AACCCGCAGTAGCCCCTAATG-3" .
691-TAATGA
Notch3* Reverse | 5-ATAAGGATGCTCGCTGGGAACC-3' Not applicable
- Forward | 5-AGAACAAGGATAATGTGAAGTTCAAGGTTC-3 | NM_001048058;
2 Reverse | 5-CTGCTTCAGCTTCTCTGCCTTT-3' NV -
Forward | 5-TATAGAATCCTGAGACTCCATGAAAAC-3'
Tnfsfil Reverse | 5-CCCTGAAAGGCTTGTTTCATCC-3' NM_011613
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