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Abstract:

During craniofacial development, cranial neural crest (CNC) cells migrate into the developing face and
form bone through intramembranous ossification. Loss of JAGGED1 (JAG1) signaling in the CNC
cells is associated with maxillary hypoplasia or maxillary bone deficiency (MBD) in mice and
recapitulates the MBD seen in humans with Alagille syndrome. JAGGED1, a membrane-bound NOTCH
ligand, is required for normal craniofacial development, and Jaggedl mutations in humans are known
to cause Alagille Syndrome, which is associated with cardiac, biliary, and bone phenotypes and these
children experience increased bony fractures. Previously, we demonstrated deficient maxillary
osteogenesis in Wntl1-cre;Jagged1” (JaglCKO) mice by conditional deletion of Jaggedl in maxillary
CNC cells. In this study, we investigated the JAG1 signaling pathways in a CNC cell line. Treatment
with JAG1 induced osteoblast differentiation and maturation markers, Runx2 and Ocn, respectively,
Alkaline Phosphatase (ALP) production, as well as classic NOTCH1 targets, Hes1 and Heyl. While
JAG1-induced Hesl and Heyl expression levels were predictably decreased after DAPT (NOTCH
inhibitor) treatment, JAG1-induced Runx2 and Ocn levels were surprisingly constant in the presence of
DAPT, indicating that JAGL1 effects in the CNC cells are independent of the canonical NOTCH pathway.
JAG1 treatment of CNC cells increased Janus Kinase 2 (JAK2) phosphorylation, which was refractory
to DAPT treatment, highlighting the importance of the non-canonical NOTCH pathway during CNC
cells osteoblast commitment. Pharmacologic inhibition of JAK2 phosphorylation, with and without

DAPT treatment, upon JAG1 induction reduced ALP production and, Runx2 and Ocn gene expression.
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Collectively, these data suggest that JAK2 is an essential component downstream of a non-canonical
JAG1-NOTCHL1 pathway through which JAG1 stimulates expression of osteoblast-specific gene targets

in CNC cells that contribute to osteoblast differentiation and bone mineralization.

Keywords: Non-canonical JAGGED1 signaling, JAK2, Osteoblast commitment, Maxillary

development, Maxillary Bone Disease
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1. Introduction:

Craniofacial defects like maxillary hypoplasia occur due to aberrant craniofacial development, which in
humans occurs within the first 8 week of embryonic development (1). During normal craniofacial
process, the first brachial arch develops in a pair of mandibular processes and a pair of maxillary
processes, predominantly made up of cranial neural crest (CNC) cells that arise from the neural placode
(2, 3). The maxillary processes continue to elongate laterally as palate shelves, starting at the primitive
stomodeum adjacent to the tongue. The palate shelves then elevate above the tongue, fuse in the midline,
and become the hard and soft palate. Intramembranous ossification of the anterior palate occurs
following CNC cells osteoblast differentiation, giving rise to the hard palate, which gives shape to the
maxillary bone and structure to the midface (4-6).

JAGGEDL1 (JAG1) is a cell surface ligand that signals through cell-cell contact via the NOTCH pathway
and orchestrates maxillary development in mice by controlling proliferation, extracellular matrix
production, osteoblast commitment, and vascular branching (7, 8). The interaction between the
membrane-bound JAG1 and membrane-bound NOTCH receptor causes the proteolytic cleavage, by
enzymes including the crucial y-secretase, of the NOTCH intracellular domain (NICD), which then
translocates to the nucleus and forms a complex with RBP-Jx, to commence crucial gene expression of
classic NOTCH targets including Hesl and Heyl (9, 10). Jagl is required early in craniofacial
development and, its global deletion leads to embryonic death at E9.5 due to cranial hemorrhage (11).
Jagl mutations in humans are associated with Alagille syndrome, which is associated with cardiac,
biliary, facial (maxillary hypoplasia) and bony phenotypes (12-15). Our laboratory recently described
that conditional deletion of Jagl altered CNC cells migration and differentiation, creating a mouse
model of maxillary hypoplasia, a phenocopy of Alagille syndrome (7). Pups that result from conditional
knockout of Jagl die of starvation at P21 and display maxillary bone hypoplasia (7). Thus, JAG1

signaling is required for normal maxillary development.
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JAGL1 is known to signal through the canonical NOTCH pathway wherein, the binding of the JAG1
ligand to one of the NOTCH receptors (1-4) on an adjacent cell, leads to cleavage of the NOTCH
receptor intracellular domain (NICD), which then gets translocated into the nucleus to control gene
transcription of Hesl and Heyl (16, 17). In this study, we determined the contributions by which JAG1
directs neural crest cells to osteoblast commitment via a JAG1-NOTCH non-canonical pathway. In this
study, we confirmed prior reports of JAG1-NOTCH canonical osteoblast induction and described the
role of JAGl-dependent non-canonical signaling through the JAK2 pathway during CNC cells

osteoblast commitment.

2. Methods:

2.1 Cell culture: A mouse cranial neural crest cell line, 09-1 cells (18) (Millipore sigma, SCC049) were
seeded on a layer of Matrigel (Fisher, CB-40234) (1:50 dilution in 1X PBS). The cells were maintained
and passaged using alpha-MEM (Gibco, 12571071) + 10% FBS (Atlanta biologics,S11150) + 1%
antibiotics (Penicillin/Streptomycin) (Gibco, 15240-062) (Figure: S1A). Osteogenic cultures: The
capacity of O9-1 cells to mineralize the surrounding matrix was tested by providing osteogenic media
(OM): a-MEM containing 10% FBS, 1% penicillin/streptomycin, 100ug/mL ascorbic acid (Fisher, A62-
500), 5 mM B-glycerophosphate (Sigma, G9422-50G) and 100ng/mL BMP2 (Creative Biomart, BMP2-
01H). To assure that osteogenic media was essential for matrix mineralization, control wells were
incubated in growth media (GM): a-MEM containing 10% FBS and 1% penicillin/streptomycin. Half-
feeds were given every 2 days.

2.2 JAGGED1 immobilization: Dynabeads Protein G (19) (Invitrogen 10003D) were first resuspended
in the vial. 50 pL (1.5 mg) of Dynabeads were transferred to a tube, where the beads were separated
from the solution using a magnet. Recombinant JAG1-Fc (10ug) (Creative biomart, JAG1-3138H) and
Fc fragment (10pg) (Abcam, ab108557) alone diluted in 200 puL PBS with Tween-20 (Fisher, BP337-

500) were added to the Dynabeads. The beads + proteins were incubated at 4°C with rotation for 16
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hours. Thereafter the tubes were placed on the magnet and the supernatant was removed. Then the tubes
were removed from the magnet and the beads-Ab complex was resuspended in 200 uL PBS with Tween-
20 to wash by gentle pipetting. The wash buffer was also separated from the beads-Ab complex using
the magnet. A final suspension of the beads in media was used as treatment (Figure S1).

2.3 Western blots: O9-1 cells were seeded on Matrigel in 6-well plates (Costar, 3516) and cultured until
100% confluency. The cells were then serum starved for 16 hours prior to treatments. The cells were
first treated with 5uM WP1066 (inhibitor of JAK2 phosphorylation) (Millipore, S65784-10mg) and
15uM DAPT (a y-secretase inhibitor) (Sigma, D5942-25mg) for 1 hours prior to stimulus with: JAG1-
Fc-Beads complex (10ug), Fc-Beads complex (10ug), BMP2 (100ng/ml), 200uM Etoposide (activator
of JAK2 phosphorylation) (Sigma, E1383-25mg), 5uM WP1066 and 15uM DAPT. Cells were then
lysed using RIPA buffer (Thermoscientific, 89900) containing a protease inhibitor (Roche,
05892791001) and a phosphatase inhibitor (Roche, 04906845001) to obtain whole cell proteins that
were resolved on an 8% SDS-PAGE gel and then transferred to a nitrocellulose membrane. The blots
were then placed in 1.5% BSA (Sigma, A2153-100G) + 0.1% Tween-20 for 30 minutes and thereafter
incubated at 4°C for 16 hours with a primary antibody against phosphorylated JAK2 (Cell signaling,
8082S) and later total-JAK2 (Cell signaling, 3230S) at 1:1000 dilution in 1.5% BSA + 0.1% Tween-20.
The blots were moved to secondary antibody (Cell signaling, 7074P2) prepared at a 1:3000 dilution in
1.5% BSA + 0.1% Tween-20 and incubated at room temperature for 1 hour, then washed using TBS
(Amresco, 0307-5L) + 0.1% Tween-20 3 times, 5 minutes each wash. Blots were developed by
chemiluminescence using the Bio-rad Chemidoc MP imaging system available at the Emory Children’s
Center Pediatric research equipment core. PCR: For gene expression, we used qPCR, as previously
described (20). Total RNA was isolated using the TRIzol reagent (Ambion, 15596018) according to the
manufacturer's protocol. cDNA was generated from 1pg total RNA using the High capacity cDNA

reverse transcriptase kit (Applied biosystems, 4368813).
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Supplementary Figure S1:
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Supplementary Figure S1: Recombinant JAGGED1-Fc protein was immobilized on Protein G
coated Dynabeads, as shown in (A). (B) Immobilization success was determined by eluting the

JAGGEDL attached to the Dynabeads and probed for by immunoblotting.
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Real-time PCR analysis was done with iQ SYBR green supermix (Bio-Rad, 1708882) in the Bio-Rad
iCycler for 40 cycles. Primer pairs are shown in Supplemental Table 1. The expression levels are
calculated using the AACT method. The threshold cycle (CT) represents the PCR cycle at which an
increase of the reporter fluorescence above the baseline is first detected. The fold change in expression
levels, R, is calculated as follows: R=2—AACT (where R = 2 (ACT treated-ACT control)). The
abundance of all transcripts was normalized to the level of GAPDH RNA expression.

2.4 Alkaline Phosphatase (ALP) assay: 09-1 cells were cultured for 10 days in osteogenic media in 24-
well plates; we measured ALP activity of the cells as a marker of osteoblast committment. The cells
were fixed using 4% PFA (Sigma, F8775) for 10 minutes at 4°C and then gently rinsed using tap water
in a small water container. The plates were allowed to dry for 10 minutes, thereafter, p-Nitrophenyl
Phosphate Liquid Substrate System Liquid (Sigma, N7653-100) is presented to the cells as substrate for
ALP and incubated at 37°C for 30 minutes. The solution turns yellow indicating hydrolysis of p-
Nitrophenyl Phosphate by ALP. The absorbance of this product was read by a spectrophotometer at
405nm.

2.5 Crystal Violet assay: In order to obtain quantitative information about the density of adherent cells
in a multi well plate, a Crystal Violet assay was performed. The ALP assay product was carefully
removed from the wells by washing with tap water gently in a small water container, and allowed to dry
for 10 minutes. A 0.2% crystal violet (VWR, 0528-500G) solution prepared in a 2% ethanol (Acros
organic, 61509-0020) in water solution was added to the cells and incubated for 1 minute at room
temperature. The excess crystal violet was washed using tap water by immersion in a small water
container. To quantify the crystal violet taken up by the cells, the stain was solubilized in a 1:10 dilution
of acetic acid in water, and the absorbance was read at 570nm.

2.6 Statistics: Data were analyzed by analysis of variance (ANOVA) with Tukey’s post-test. All data
are presented as mean +/- SD. p<0.05 between groups was considered significant and are reported as

such.
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Supplementary Table 1:

Gene Mouse Forward Primers (5> — 3’) Reverse Primer (5> — 37)
Notchl ATGTCAATGTTCGAGGACCAG TCACTGTTGCCTGTCTCAAG
Hesl CCGAGCGTGTTGGGGAAATAC GTTGATCTGGGTCATGCAGTTGG
Heyl TGAGCTGAGAAGGCTGGTAC ACCCCAAACTCCGATAGTCC
Runx2 CCCAGCCACCTTTACCTACA TATGGAGTGCTGCTGGTCTG
Ocn ACCCTGGCTGCGCTCTGTCTCT GATGCGTTTGTAGGCGGTCTTCA

Supplementary Table 1: Primers used for PCR analysis. Primers were designed using the NCBI-NIH
Primer-BLAST tool for all genes.
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3. Results:
3.1 JAGGED1 upregulates Notchl receptor expression as well as expression of NOTCH1 targets
Hesl and Heyl: 09-1 cells (Figure: S2A) express the NOTCH1 receptor (Figure: S2B) and are known
to mineralize in the presence of osteogenic media as shown in Supplemental Figure: 2C. 0O9-1 cells were
treated with osteogenic media (OM) alone, dynabeads alone and Fc fragment-beads complex (10ug) as
controls or JAG1-Fc-Beads complex (10ug) as shown in Figure 1. BMP2 (100ng/ml) is a known
activator of the NOTCH canonical pathway (21) and was thus used as a positive control. A y-secretase
inhibitor, DAPT (15uM) was used as a NOTCH canonical pathway inhibitor as it inhibits the cleavage
of the NOTCH intracellular domain (NICD). We observed significant increase in Notchl gene
expression within 3hrs of JAG1 treatment compared to untreated (OM alone) and BMP2-treated cells
(Figure 1A). As expected, treatment with DAPT, a y-secretase inhibitor of NOTCH canonical pathway,
+ JAGL, resulted in increased Notchl gene expression, suggesting a compensatory mechanism in
response to lack of NOTCH activity. We also observed that JAG1 induced classic NOTCH1
targets, Hes1 and Heyl, expression levels were predictably decreased after DAPT (NOTCH inhibitor)
treatment (Figure 1B & 1C). This indicates that JAG1 activates and functions through the NOTCH

canonical pathway in 09-1 cells.

3.2 JAGGEDL1 induces the differentiation of neural crest cells into osteoblasts: Previously we
published that loss of Jagl results in maxillary bone hypoplasia (7), and here we demonstrate the direct
induction of osteoblastogenesis by JAG1 in 09-1 cells. Alkaline phosphatase (ALP) assay on JAG1-
induced O9-1 cells, demonstrated that ALP activity was significantly increased with JAG1 treatment
(Figure 2A). Expression of osteoblast differentiation and maturation markers, Runx2 and Ocn,
respectively, were increased with JAG1 treatment, indicating that JAG1 can independently induce
osteoblast commitment (Figure 2B & 2C). JAGL1 induced similar levels of Runx2 and Ocn gene

expression with and without DAPT treatment (Figure 2B & 2C), indicating that
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Supplementary Figure S2:

No Primary NOTCH1

Supplementary Figure S2: Characterization of O9-1 cells as seen in culture in (A) express the
NOTCHL1 receptor (Red staining) demonstrated by an Immunofluorescent staining assay in (B). (C) O9-
1 cells were driven towards osteoblastogenesis in the presence of B-Glycerophosphate and Ascorbic acid
until day 28 cells when they were stained with Alizarin Red to indicate that these cells are capable of
inducing mineralization.
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Figure 1:
Notchl on 3 hours of O9-1 Osteogenic culture
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Figure 1: JAGGEDL induces the NOTCH pathway, by inducing expression of Notchl receptor in
(A), and expression of classic NOTCH targets (B) Hesl and (C) Heyl. The expression of all genes
induced by JAG1 was observed to be inhibited by a canonical NOTCH pathway inhibitor, DAPT (red
bar, red patterned bars). Dynabeads bound recombinant JAG1-Fc fragment (yellow) or BMP2 (green,
positive control) were used. Growth media, osteogenic media, dynabeads alone and dynabeads bound
Fc-fragment were used as controls (black bars). (n=3) (Similar symbols = no difference, different
symbols = significant difference) (p<0.05)
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Figure 2:
ALP activity
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Figure 2: JAGGEDL induces osteoblastogenesis, as demonstrated by measuring the (A) alkaline
phosphatase activity of O9-1 cells when treated with dynabeads bound recombinant JAG1-Fc fragment
(yellow) or BMP2 (green, positive control). Growth media, osteogenic media, dynabeads alone and
dynabeads bound Fc-fragment were used as controls (black bars). The canonical NOTCH pathway
inhibitor DAPT (red bar, red patterned bars) did not inhibit JAG1-induced gene expression of (B) early
osteoblast marker, Runx2, (C) late osteoblast marker, Ocn. (n=3) (Similar symbols = no difference,
different symbols = significant difference) (p<0.05)
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the JAGL effects in the O9-1 cells are largely independent of NICD cleavage, i.e. the NOTCH canonical
pathway. Increased expression of Runx2 following DAPT treatment was observed and has been
identified by other authors, however the expression of Ocn, a late osteoblast marker, was not increased
in the DAPT treated cells, suggesting that blockage of NICD cleavage alone is not sufficient to induce
osteoblast differentiation. In BMP2 treated cells, addition of DAPT reduced the expression of
Runx2 and Ocn demonstrating that BMP2 signals, in part, through the canonical NOTCH pathway, a

finding that has been described by other investigators.

3.3 JAGGED1 non-canonical signaling during CNC cells osteoblast commitment via JAK2
phosphorylation: To elucidate the non-canonical pathways activated downstream of JAG1 we examined
known contributors to osteoblast commitment including p38, ERK, SMAD159, AKT, JAK2 (22-26).
SMAD159 and AKT phosphorylation was not induced by JAG1 (Figures S3A) whereas, the
phosphorylation of ERK and P38 was observed to be constitutively active in O9-1 cells (Figures S3B).
JAG1 treatment of O9-1 cells was associated with increased JAK2 phosphorylation (Figure 3A) and this
phosphorylation was observed to be refractory to DAPT treatment (Figure 3B), demonstrating the
importance of JAG1-NOTCH non-canonical pathway signaling during CNC cells osteoblast
commitment. Pharmacological inhibition of JAK2 phosphorylation using WP1066 (5uM) after JAG1-
stimulation decreased the Notchl (Figure 4A). The expression levels of Hesl and Heyl (Figure 4B &
4C), remained unchanged, as they are classic canonical NOTCH pathway targets and this pathway was
stimulated by JAGL1. Although, the Runx2 and Ocn gene expression (Figure 5A, & 5B), were decreased
along with Notchl (Figure 4A), suggesting that JAK2 phosphorylation is an essential component
downstream of the non-canonical JAG1-NOTCH1 pathway during osteoblast commitment. Further,
pharmacologic inhibition of JAK2 phosphorylation £ DAPT upon JAG1 induction synergistically

reduced ALP production (Figure 5C). Collectively, these data suggest that JAK2 is an essential
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component downstream of a non-canonical JAG1-NOTCH1 pathway through which JAG1 stimulates

expression of osteoblast-specific gene targets that contribute to osteoblast differentiation.
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Supplementary Figure S3:
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Supplementary Figure S3: (A) Ilustration of the hypothesis that JAGGED1 activates a non-canonical
pathway downstream of the NOTCH1 receptor. Although p38, ERK, AKT, SMAD159 are not
phosphorylated downstream of JAGGED1-NOTCH1 compared to No treatment controls as shown in

(B).
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Figure 3:
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Figure 3: JAGGEDL1 induces a non-canonical NOTCH pathway. (A) Lysates obtained from 09-1
cells treated with dynabeads bound Fc-fragment, BMP2 and etoposide, both known inducers of JAK?2
phosphorylation (data not shown) and dynabeads bound recombinant JAG1-Fc fragment, were probed
for phosphorylated JAK2. (B) 09-1 cells were treated with a NOTCH canonical pathway inhibitor,
DAPT, prior to adding treatments. Lysates were then probed for JAK2 phosphorylation.
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Figure 4:
Notch1 on 3 hours of 09-1 Osteogenic culture
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Figure 4: JAGGEDL1 induces the NOTCH canonical pathway, demonstrated by treatment of 09-1
cells with an inhibitor of JAK2 phosphorylation, WP1066 (brown bar) prior to treatments with
dynabeads bound recombinant JAG1-Fc fragment (yellow-brown patterned bar) or BMP2 (green-brown
patterned bar) Notchl receptor expression in (A) was significantly decreased, although expression of
classic NOTCH targets (B) Hesl and (C) Heyl were uninhibited in the presence of WP1066. (n=3)
(Similar symbols = no difference, different symbols = significant difference) (p<0.05)
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Figure 5: JAGGED1 induces osteoblastogenesis via NOTCH non canonical signal through
phosphorylated JAK2, as demonstrated by measuring the gene expression of (A) early osteoblast
marker, Runx2, (B) late osteoblast marker, Ocn, (C) alkaline phosphatase (ALP) activity of O9-1 cells
treated with an inhibitor of JAK2 phosphorylation prior to treatment with dynabeads bound recombinant
JAG1-Fc fragment (yellow-brown patterned bar) or BMP2 (green-brown patterned bar). Runx2 and Ocn
were significantly decreased in JAG1 + WP1066-treated cells. ALP activity was significantly decreased
in JAG1 + DAPT-treated (yellow-red patterned bar) as well as JAG1 + WP1066-treated O9-1 cells but
it was synergistically decreased in O9-1 cells treated with JAG1 along with both DAPT and WP1066
(yellow-purple patterned bar). (n=3) (Similar symbols = no difference, different symbols = significant
difference) (p<0.05).
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4. Summary & Discussion:

JAG1 is a membrane-bound NOTCH ligand required for normal craniofacial development,
and JAG1 mutations in humans are known to cause maxillary bone hypoplasia (13, 27). Alagille
syndrome, the consequence of a Jagl or Notch2 mutation, is associated with a mélange of symptoms
including pathological bone phenotypes such as, reduced bone mineral density and a higher propensity
to bony fractures (28). The canonical NOTCH pathway has been implicated in a plethora of biological
processes including, embryonic development, craniofacial development, bone homeostasis, endothelial
cell fate, angiogenesis and T-cell lineage commitment, when specifically activated by the ligand JAG1
(27, 29-31). The role of NOTCH is known to be dimorphic, (32) wherein Notch’s pathological gain of
function leads to osteosclerosis and Notch’s loss of function leads to increase in osteoclastogenesis, and
subsequent bone loss. Conditional loss of Jagl (JaglCKO) in CNC cells was associated with reduced
proliferation and osteoblast commitment, leading to maxillary hypoplasia, starvation and death of pups
at post-natal day 21 (7, 13). Evaluation ex vivo cultures of the JaglCKO mouse CNC cells demonstrated
decreased mineralization, suggesting that the JAG1-NOTCH axis is essential for the maturation of
neural crest cells into osteoblasts (7). However, it remains unclear how the JAG1-NOTCH pathway

controls differentiation of CNC cells during intramembranous ossification.

JAGL1 is a definitive NOTCHL1 ligand and induces the NOTCH1 canonical pathway, which others and
we have demonstrated by examining JAG1-induced expression of classic NOTCH1 target, Hes1 and
Heyl (Figure 1B & 1C) (33). We and others have also demonstrated, as in Figure 2B & 2C, that JAG1
induces early and late osteoblast markers, Runx2 and Ocn, respectively, along with inducing ALP
activity, in vitro, in O9-1 cells, independent of BMP2 (Figure: 2A, 2B & 2C) suggesting that the JAG1-
NOTCH1 axis is essential during commitment of neural crest cells into the osteoblast lineage (33, 34).
Inhibition of the canonical JAG1-NOTCH1 pathway, using a y-secretase inhibitor, DAPT, reduced ALP
activity demonstrating that JAG1 can induce CNC cells towards osteoblast commitment and maturation

20


https://doi.org/10.1101/421305

bioRxiv preprint doi: https://doi.org/10.1101/421305; this version posted September 21, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

via the canonical NOTCH pathway. However, DAPT treatment did not alter the gene expression levels
of the JAG1-induced Runx2 and Ocn, which suggests that JAG1 signals through canonical and non-

canonical NOTCH pathways during CNC cells osteoblast commitment.

The canonical NOTCH pathway has been shown to cross talk with various other non-canonical
signaling pathway molecules including MAPK (ERK, P38), Src, NF-kB and PI3K (22, 35-37). In
addition, the ERK, P38, SMAD, AKT and JAK2 pathways have been, frequently shown to regulate
osteoblast differentiation (22-26). Prior reports have demonstrated that constitutively active NOTCH, in
vitro, inhibits BMP2-induced bone formation whereas, transiently active NOTCH enhances bone
formation (36). Dahlgvist et, al demonstrated that the NICD binds to BMP2-induced SMAD3 to
facilitate induction of bone formation. JAG1-activated NOTCH pathway has been described to regulate
the maintenance of the osteoprogenitor pool, thereby suppressing osteoblast differentiation (38). The
contrasting data about the bone inhibitory and inductive functions of JAG1-NOTCH1 are likely related
to the origin of cell and the situational context depending on which JAGL1 signals. Examination of the
non-canonical NOTCH signaling pathways has received less attention but this may help explain the
contradictory functions of JAG1-NOTCHL1 in the literature. In Supplemental figure 3, we evaluated the
activation of numerous non-canonical osteogenic pathways including ERK, P38, SMAD159, AKT and
JAK?2 following JAG1 treatment of CNC cells. JAG1 did not activate ERK, P38, SMAD159 or AKT,

but we successfully demonstrated that JAG1 phosphorylates JAK2 (Figure: 3).

JAK?2 is a signaling molecule required during osteogenesis and skeletogenesis, and complete abrogation
of JAK2 signaling is associated with embryonic death at E12.5 (39). JAK2 is phosphorylated
downstream of both, Polycystin, a key player in mechanotransduction during skeletogenesis (40) and
Growth hormone (GH), a regulator of bone growth and metabolism (41). BMP2 and dexamethasone are
known to synergistically activate JAK2 to result in increased levels of ALP indicating bone formation
(42). Pharmacologically inhibited JAK2 phosphorylation in JAG1 treated CNC cells demonstrated that
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the JAK2 inhibitor, WP1066 was able to suppress the expression of Runx2 and Ocn as well as the ALP
activity. Inhibition of JAK2 phosphorylation and the NOTCH canonical pathway, using WP1066 and
DAPT, respectively, demonstrated that the ALP activity was significantly and synergistically decreased
further corroborating that a JAG1 signal to JAK2 mediates osteoblast commitment in CNC cells. During
metastasis of pancreatic ductal adenocarcinoma, the canonical NOTCH pathway itself has been shown
to cross talk with the JAK/STAT pathway, wherein, HES proteins facilitate JAK2 and STAT3 to form
a complex thereby promoting STAT3 phosphorylation and activation (43), thus, suggesting that JAG1-
JAKZ2 signaling may occur via the canonical as well as the non-canonical NOTCH pathway in osteoblast

commitment of CNC cells.

5. Conclusions:

In this study, we introduce a novel, non-canonical JAG1-JAK2 signaling pathway to induce osteoblast
commitment. We report that JAG1 can independently activate JAK2 in CNC cells, downstream of
NOTCH1, which further induces the expression of osteoblast markers, Runx2 and Ocn, along with
increasing ALP activity, indicating a non-canonical signal that drives CNC cells to commit to the
osteoblast lineage. In order to understand thoroughly the preferred mode of action by which JAG1 leads
CNC cells to osteoblast commitment in the context of the cell’s microenvironment and effectors, it is
exigent to evaluate the cell context (Figure 6A), stimulators (Figure 6B), upstream and downstream
mediators (Figure 6C & 6D) of the JAG1-induced JAK2 signaling, and its interactions with the NOTCH
canonical pathway (Figure 6E). Currently, there are no FDA approved therapies for JAG1-associated
bone loss but our identification of JAG1’s mode of action and its ability to independently induce bone
formation could change the paradigm of treatment for maxillary hypoplasia in Alagille Syndrome

patients.
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Figure 6:
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Figure 6: Hlustration of mechanism of JAGGED1-induced osteoblast commitment of neural crest
cells. JAGL1 induces osteoblast formation not only by activating the canonical NOTCH pathway but also
by activating a non-canonical NOTCH signal involving the phosphorylation of JAK2. Future directions
include understanding (A) the role of the origin of the neural crest cells during intramembranous
ossification, (B) action of JAG1 through other NOTCH receptors (2-4), (C) upstream and (D)
downstream targets of JAK2 as well as whether there can be (E) crosstalk between the canonical and
non-canonical pathways during JAGGED induced osteoblast formation.
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