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Osteoblast commitment and differentiation are controlled by multiple growth factors including
members of the Notch signaling pathway. JAGGED1 is a cell surface ligand of the Notch pathway
that is necessary for murine bone formation. The delivery of JAGGED1 to induce bone formation
is complicated by its need to be presented in a bound form to allow for proper Notch receptor
signaling. In this study, we investigate whether the sustained release of JAGGED1 stimulates
human mesenchymal cells to commit to osteoblast cell fate using poly-ethylene glycol malemeide
(PEG-MAL) hydrogel delivery system. Our data demonstrated that PEG-MAL hydrogel constructs
are stable in culture for at least three weeks and maintain human mesenchymal cell viability with
little cytotoxicity in vitro. JAGGED1 loaded on PEG-MAL hydrogel (JAGGED1-PEG-MAL)
showed continuous release from the gel for up to three weeks, with induction of Notch signaling
using a CHO cell line with a Notch1 reporter construct, and qPCR gene expression analysis in
vitro. Importantly, JAGGED1-PEG-MAL hydrogel induced mesenchymal cells towards osteogenic
differentiation based on increased Alkaline phosphatase activity and osteoblast genes expression
including RUNX2, ALP, COL1, and BSP. These results thus indicated that JAGGED1 delivery in
vitro using PEG-MAL hydrogel induced osteoblast commitment, suggesting that this may be a
viable in vivo approach to bone regeneration.
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INTRODUCTION

Author Manuscript

Growth factor delivery to induce bone formation is a well-established regenerative approach
to bone loss. Osteoblast commitment and differentiation are controlled by multiple signaling
pathways including Notch, Wnt, TGF superfamily.1–3 TGFβ/BMP signaling involves
multiple ligands and receptors, with the TGFβ pathway involved in cellular proliferation and
extracellular matrix deposition and inhibition of osteoblasts differentiation and
mineralization, whereas BMP signaling promotes osteoblast differentiation.2,4–6 Bone
regenerative approaches involving scaffolding carriers for stem cells and growth factor
delivery have been well described in multiple animal models.7–11 BMP2 delivery via a
collagen sponge scaffold in humans is primarily used, and is only FDA approved for patients
over the age of 18 for use during spinal fusion and maxillary sinus lifts to treat maxillary
bone deficiency. Limitations with BMP2 exist due to a heterogeneous response to BMP2
therapy and there are no other available commercial bone regenerative therapies.12,13
Unfortunately, BMP2 delivery can be associated with significant local inflammation due to
the supratherapeutic doses delivered, that can be life threatening when used in the head and
neck area.14,15 Alternative regenerative approaches to bone loss have been investigated.
These include autogenous bone marrow with platelet rich plasma, bioactive glass, hydrogel
delivery of vascular endothelial growth factor (VEGF), collagen with BMP7; however, these
strategies have not demonstrated in vivo efficacy.16
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Multiple cell types, including bovine bone cells and mes-enchymal stem cells (MSC) in
combination with or without scaffolding have been used in skeletal tissue engineering and
regeneration approaches.17–20 Localized cell delivery to treat bone loss has included bovine
bone cells, demineralized bone allograft, and MSC using scaffolding constructs of
polylactic-coglycolide copolympers (PLGA), fibronectin, hydroxyapatite, and other
inorganic and ceramic constructs.20 The source of MSC can be from the bone marrow,
periosteum, trabecular bone, adipose, and dental tissues.21 Each of these approaches has
demonstrated promising results in vitro, but had mixed success in bone regeneration in
animal models.21
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In this study, we evaluate the osteogenic potential of the Notch pathway in vitro by
delivering JAGGED1 using polyethylene glycol maleimide (PEG-MAL) hydrogels to
humane embryonic mesenchymal cells. Targeting the Notch signaling pathway, we
demonstrate that controlled delivery of JAGGED1, a cell surface ligand member of the
Notch pathway, induces osteoblast commitment of human palate mesenchymal stem cells.
22,23 JAGGED1 plays an important role in bone development, and interruption of its
function has been associated with obvious clinical manifestations of bony loss correlated
with a higher incidence of bone fracture.24 Global loss of JAGGED1 signaling leads to early
embryonic death due to severe vascular anomalies.25 Conditional deletion of JAGGED1 in
the cranial neural crest, using Wnt1-Cre, phenocopies the craniofacial phenotype of human
Alagille syndrome with severe maxillary bone deficiency.26 Overexpression of JAGGED1 in
previous studies demonstrated the osteoninductive properties of JAGGED1 in vitro.27 The
delivery of JAGGED1 to induce bone formation is complicated by its need to be presented in
a bound form, to allow for proper Notch receptor signaling.28 The success of the delivery
method is dependent on the choice of the scaffold being used. We describe the use of
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hydrogel scaffolding for the delivery JAGGED1 using PEG-MAL, as this approach has been
successfully used with other soluble growth factors in vitro and in vivo.29 PEG-MAL
hydrogel adheres to the surrounding tissues, induces minimal amounts of inflammation, is
enzyme-degraded and safely excreted in the urine, allows easy cell delivery, and the
maleimide groups react with available thiols in the target biomolecules to incorporate them
into the hydrogel.30 In this study, we demonstrate the osteoinductive effects of JAGGED1PEG-MAL and its degradation characteristics during in vitro embryonic maxillary
mesenchymal cell commitment into osteoblasts.

MATERIALS AND METHOD
Cell culture

Author Manuscript

Human Embryonic Palatal Mesenchyme cells (HEPM cells) were obtained from ATCC
(Manassas, VA) and Notch reporter cells (Chinese Hamster Ovary Cells, CHO cells) that
support Notch1 signaling, but do not express endogenously Notch receptors (a kind gift of
the Elowitz lab).31
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Cells were maintained in alpha MEM supplemented with 10% FBS, 100 U.mL−1 penicillin,
0.1 mg.mL−1 streptomycin at 37°C in a 5% CO2-humidified atmosphere. Osteoblast
differentiation was induced by culturing HEPM in osteogenic media by the addition of 50
μg/mL ascorbic acid to growth media and the media was refreshed every 2–3 days. Alkaline
Phosphatase activity was quantitated after 7 days of culture. To determine the difference in
alkaline phosphatase production, we will dissect out maxillary mesenchymal cells from the
palates. The cells’ alkaline phosphatase activity will be measured using p-nitrophenyl
phosphatase release measured at 410 nm absorbance compared to total protein using the
Bradford protein assay
PEG-MAL hydrogel preparation and cell encapsulation
Four-arm maleimide end-functionalized PEG macromer (20 kDA, Laysan Bio) was prefunctionalized by reacting PEG-MAL with 2.0 mM RGD peptide (GRGDSPC, New
England Peptide, NEP) at 37°C for 1 hour (Supporting Information Fig. S1). 5 × 105 cells
were mixed with the pre-functionalized PEG-MAL macromer and polymerized by addition
of GPQ crosslinker peptide (GCRDQGWIGQPGDRCG, New England Peptide, NEP) and
maintained in Alpha-MEM supplemented with 10% FBS, penicillin and streptomycin and
cultured in an incubator at 37°C at 5% CO2.
JAGGED1 indirect immobilization and notch signaling activation
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Culture well chambered coverglass were pre-coated with rabbit anti-human IgG (10 μg/mL)
in phosphate saline buffer (PBS) for 30 min at 37°C and subsequently blocked with cell
culture growth medium for 30 min. Chambered coverglass were then coated with 5 μg/mL
JAGGED1/Fc (JAG1–3138 H, Creative BioMart) diluted in growth media for 2 hours at
37°C. As control for JAGGED1, human IgG (5 μg/mL) was used. Chambers coated with
JAGGED1/Fc or IgG were washed with growth medium and 5 ×105 cells CHO cells were
seeded. Cells were maintained in Alpha-MEM supplemented with 10% FBS, penicillin and
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streptomycin and stored in an incubator at 37°C, 5% CO2 for 72 hours. Cells were analyzed
on a fluorescent microscopy for Notch signaling.
JAGGED1/fc-PEG-MAL hydrogel preparation and notch signaling activation
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Human JAGGED1/Fc or Human IgG were mixed with Protein G Dynabeads (Fisher
Scientific) in 100 μL phosphate buffered saline (PBS) for 10 min at room temperature under
rotation. After 3 times wash with PBS, JAGGED1-immobilized or IgG-immobilized on
Protein G Dynabeads were washed four times with PBS and mixed with pre-functionalized
5% PEG-MAL with 2.0 mM RGD peptide in 10 mM HEPES buffer for 1 hour. 5 ×105
HEPM cells were encapsulated and the mixture of cells-hydrogel was cast in the bottom of a
24 well cell culture plate on a chambered cell culture coverglass and cross-linked with
addition of GPQ at 1:2 molar ratio of GPQ peptide to available MAL groups.30 Then, cells
were maintained in Alpha-MEM supplemented with 10% FBS, 50 μg/mL ascorbic acid,
penicillin and streptomycin and cultured in an incubator at 37°C, 5% CO2. Total RNA was
isolated using TRIzol after 2 days in culture for Notch signaling activation and 7 days for
osteoblast differentiation.
JAGGED1 release profile
JAGGED1/Fc (10 μg/mL) coupled to Protein G Dynabeads was prefunctionalized with
5%PEG-MAL, 2.0 mM RGD and cross-linked with addition of GPQ. JAGGED1/Fc-PEGMAL hydrogel was cast in the bottom of a 24-well tissue culture plate and placed in an
incubator at 37°C at 5% CO2 with 250 μL of PBS. PBS was refreshed and collected every 2–
3 days for up to 20 days and Jagged/Fc release was quantified using Human JAGGED1
ELISA Kit (R&D Systems).
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PEG-MAL stability in vitro
PEG-MAL degradation was analyzed by staining the remaining hydrogel in culture using
crystal violet, which stains cells and extracellular matrix in purple. 1 ×105 HEPM cells were
encapsulated in PEG-MAL at various concentration of PEG-MAL (0.625%–20%) prefunctionalized with RGD. The mixture of cells and hydrogels was cast in a corner of a 24
well cell culture plate and placed in an incubator at 37°C, 5% CO2. The medium was
refreshed every 2–3 days for up to 20 days. After 20 days, cells were removed by RIPA
buffer treatment and the remaining PEG-MAL hydrogel were stained for 4 hours with
crystal violet dye.
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PEG-MAL hydrogel degradation was analyzed using an NIR fluorescent dye. 5%PEG-MAL
was labeled with VivoTag-S 645-MAL (Perkin Elmer), a thiol (-SH, sulfhydryl) reactive
maleimide-containing a red fluorochrome. Labeled PEG-MAL was functionalized with 2.0
mM RGD, cast in a corner of a 24-well tissue culture plate, cross-linked with addition of
GPQ and placed in an incubator at 37°C, 5% CO2 with 250 μL of PBS. PBS was refreshed
and collected every 2–3 days for up to 20 days. PEG-MAL degradation products released in
PBS were imaged on a BRUKER infrared imaging system (Bruker Imaging, Billerica, MA).
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Total RNA was extracted using TRIzol (Invitrogen, Grand Island, NY, USA), and cDNAs
were synthesized following DNase I treatment using the high-capacity cDNA reversetranscription kit (Applied Biosystems, USA). Quantitative PCR (qPCR) were performed by
using SYBR green qPCR. The primer sets used for qPCR analysis are listed in Supporting
Information Table S1. Specificity of amplification was verified by the presence of a single
peak on the dissociation curve. Specific amplification conditions are available upon request.
Measurements were performed in triplicate and from at least three independent experiments.
Total cell number, cell proliferation and apoptosis
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1 × 105 HEPM cells were encapsulated using sequential concentrations of PEG-MAL
hydrogel and cast in the bottom of a 24-well cell culture plate. Cells were cultured in AlphaMEM supplemented with 10% FBS, penicillin and streptomycin at 37°C at 5% CO2 for 3
days. Cells metabolic activity was measured using the CellTiter Aqueous One 96 Kit
(Promega) as recommended by the manufacturer. The conversion of 3–(4,5Dimethylthiazol-2-yl)-5–(3-carboxymethox-yphenyl)-2–(4-sulfophenyl)-2 H-tetrazolium to
formazan by metabolically viable cells was monitored by measuring the absorbance at 490
nm. Apotosis was measured by the activity of the effector caspase 3 and caspase 7 using the
Apo-One Homogeneous Caspase3/7 kit (Promega) according to the manufacturer’s
instructions. Proliferation and Apoptosis were normalized by the number of total cells
quantified by crystal violet staining assay.
Statistics: Each experiment was independently repeated three times on independent biologic
samples and differences between groups (control and JAGGED1-stimulation) tested by twoway analysis of variance with 2 degrees of freedom for the treatment main effect.
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RESULTS
Influence of PEG-MAL hydrogel density on human embryonic palate mesenchymal (HEPM)
cell survival
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The goal of this article was to evaluate the osteogenic effect of JAGGED1 delivery using
PEG-MAL hydrogels. To determine the optimum PEG-MAL density, cell survival potential
in various densities of PEG-MAL in vitro were determined (Fig. 1). HEPM cells were
encapsulated in PEG-MAL at the density of 1 × 105 cells/mL and cell survival was assessed
by Cristal violet staining 3 days post encapsulation. Cell number increased gradually with
increased PEG-MAL density reaching the maximum at 5% PEG-MAL. However, PEGMAL density greater that 5% showed poorer cell number with lower cells density compared
to cells in PEG-MAL lower than 5%. [Fig. 1(A)].
In vitro degradation of the PEG-MAL hydrogel
PEG-MAL degradation occurs based on the density of the hydrogel and the cross linker
used. To measure the stability of this hydrogel construct, we measured the degradation
characteristics of the hydrogel over time. HEPM cells were encapsulated in PEG-MAL at
various concentrations using GPQ crosslinker and the remaining hydrogel construct at 20
days in culture was stained with crystal violet and quantified to compare in vitro degradation
J Biomed Mater Res A. Author manuscript; available in PMC 2019 February 01.
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[Fig. 1(B)]. The stability of the PEG-MAL hydrogel in culture increased with the increased
gel density, where gels at lower density (0.625% and 1.25%) are quickly degraded.
Incorporation of JAGGED1 in a polyethylene glycol maleimide (PEG-MAL) hydrogel
Incorporation of JAGGED1 into the 5% PEG-MAL hydrogel was accomplished by reacting
the sulfhydryl groups on the JAGGED1-Fc peptide immobilized on Protein-G micro-beads
with the PEG-MAL. The PEG-MAL was then cross-linked using a degradable cross linker,
GPQ, to complete the reaction. To examine the degradation profile of PEG-MAL hydrogel
in vitro, 5% PEG-MAL was labeled with Vivo-tag 645-MAL near infrared (NIR) fluorescent
dye and incubated in PBS over 20 days [Fig. 1(C)]. Evaluation of hydrogel degradation was
compared using Bruker imaging, where there was maximal degradation at day 5 and there
was progressive degradation over the initial 10 days. After 10 days, the hydrogel degradation
reached equilibrium and remained stable up to 20 days.
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JAGGED1 release kinetics from the PEG-MAL hydrogel and HEPM cells proliferation and
apoptosis in response to JAGGED1 delivery

Author Manuscript

To establish the release profile of JAGGED1 from the PEG-MAL JAGGED1-PEG-MAL
hydrogel was cultured with PBS and the media was collected every other day for 20 days.
JAGGED1 release measurement using ELISA evaluation of the collected media
demonstrated a slow release of JAGGED1 over time [Fig. 2(A)], with about 40–60% of the
amount of JAGGED1 incorporated remained in PEG-MAL over 10 days in culture and
totally released from the gel at day 20. No significant difference was found in HEPM
viability or apoptosis with varying concentrations of JAGGED1 incorporation (2.5 μg/mL to
10 μg/mL), as evaluated by caspase3/7 and MTT assays, respectively, [Fig. 2(B,C)]. These
results demonstrated that the JAGGED1-PEG-MAL does not induce any cytotoxic effect on
HEPM cells in vitro culture.
Incorporation of JAGGED1 in PEG-MAL induces notch signaling and osteoblast
differentiation in vitro

Author Manuscript

To detect functional JAGGED1 protein, the JAGGED1-PEG-MAL hydrogel was seeded
with fluorescent CHO reporter cells expressing Notch1, a receptor for JAGGED1.
Fluorescence of the CHO cells was compared between the control and the JAGGED1-PEGMAL hydrogels and there was significantly more fluorescence observed in the JAGGED1PEG-MAL hydro-gels, suggesting that there was activation of Notch signaling by intact
JAGGED1 [Fig. 3(A)]. Analysis of gene expression using qPCR after 2 days of culture with
JAGGED1-PEG-MAL hydrogels in vitro demonstrated robust activation of the Notch
signaling pathway genes including NOTCH1, HES-1, HES-3, HEY-1, HEY-2, and HEY-L
[Fig. 3(B)].
To determine the osteoinductivity of the JAGGED1-PEG-MAL, HEPM cells were
incorporated into JAGGED1-PEG-MAL and cultured in osteogenic media for 7 days. The
JAGGED1-PEG-MAL treated HEPM demonstrated increased ALP activity [Fig. 4(A)] and
osteoblast gene expression compared to controls, including ALP, COL1, RUNX2, and BSP
[Fig. 4(B)]. These results indicate the JAGGED1-PEG-MAL can induce HEPM cell
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commitment to osteoblast cell fate and is a proof of principle for in vivo approaches to
induce local bone regeneration.

DISCUSSION
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The role and requirement of JAGGED1 in multiple biologic processes including cardiac,
biliary and vascular development have been well described.32 Recent evidence highlights the
importance of JAGGED1 in human bone development and maintenance.27,33 Notch ligand
signaling occurs in a cell-to-cell manner, therefore delivery of Notch ligands in a
regenerative strategy requires them to be immobilized to signal effectively.28 In this study,
we explored the delivery of JAGGED1 immobilized to a PEG-MAL to induce HEPM cell
commitment to osteoblasts in vitro. The use of PEG-MAL hydrogels to deliver growth
factors is well described.34 The PEG-MAL hydrogel is an attractive regenerative construct
as it has tunable degradation, elicits minimal host inflammation, and it binds to the
surrounding tissue. We successfully determined the optimal concentration of PEG-MAL to
allow HEPM viability and maximize the longevity of hydrogel permanence (Fig. 1).
Similarly, Phelps et al. demonstrated that 4% PEG-MAL was optimal for the viability and
function of C2C12 myoblast assays in vitro.30 Cardiac progenitor cell in vitro models using
self-assembling hydrogel culture demonstrated that 2% hydrogel allowed optimal cell
viability, suggesting that the hydrogels should be tailored to the proposed cell line being
used.35 The optimal concentration of the 5% PEG-MAL hydrogel in Figure 1 is similar to
those found by other investigators as expected.36
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The effective incorporation and release of JAGGED1 within the PEG-MAL hydrogel
delivered a consistent release profile (Fig. 2). The benefit of the PEG-MAL is the tunable
therapeutic delivery that is dependent on the concentration of the hydrogel and the crosslinker used. Similar to our findings, Phelps et al. demonstrated the controlled local delivery
of VEGF using a PEG-MAL hydrogel in a controlled fashion.37 Using a similar approach,
Boopathy et al. used self-assembling peptide gels to deliver a JAGGED1 mimic to cardiac
progenitor cells in a controlled fashion.36 Similar to Boopathy et al. we demonstrated the
functional incorporation of JAGGED1 within the PEG-MAL hydrogel using a Notch1
reporter yellow fluorescent protein (YFP) assay (Fig. 3).36 Dishowitz et al. reported the
delivery of JAGGED1 using a diethylene glycol diacrylate and isobutylamine (A6) scaffold
for delivery to induce bone formation.38 In their article, Dishowtiz et al. demonstrated that
cellular viability and cell number were superior with direct conjugation of JAGGED1 to the
A6; however, they did not evaluate how varying the concentration of the scaffold affected
cellular viability.
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PEG-MAL hydrogel delivery of growth factors, molecules, and cells has been used reliably
in animals to induce regeneration of tissues, including bone. Specifically the delivery of
BMP2 using PEG-MAL has reproducibly led to new bone formation in vivo.39,40 The ability
to control the degradation rate of the PEG-MAL hydrogel provides a distinct advantage over
other delivery systems, and can be adjusted to maximize the regenerative effect including
prolonged growth factor release to induce bone formation. In our model the transition to in
vivo implantation of the PEG-MAL hydrogel degradation and release kinetics will likely be
different and will have to be determined empirically. Despite the advances in PEG-MAL
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hydrogel development, there are still limitations in using this construct including
maintaining precise spatial control of the scaffold in vivo, avoiding the burst effect
associated with growth factor delivery, and controlling the dynamic cellular
microenvironment after in vivo delivery.41
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Notch pathway signaling induction of Hes1 and Hey1 gene expression in response to
JAGGED1 incorporation with the A6 scaffold demonstrated 4–6 fold changes in the
Dishowitz study. In Figure 3 we demonstrated markedly higher induction of Notch pathway
genes Hes1 and Hes3, that were 50-fold and 6-fold increased compared to controls,
suggesting a robust induction of the Notch signaling pathway by the JAGGED1-PEG-MAL
hydrogel. Induction of the bone pathway genes was demonstrated by the JAGGED1-PEGMAL hydrogel with increased Runx2, alkaline phosphatase, Collagen 1, and Bone
Sialoprotein at 6 days (Fig. 4). In contrast to the data presented by Dishowitz et al. where
higher JAGGED1 concentrations (10 ng/mL) induced higher bone-related genes, our
findings suggest that lower doses of JAGGED1 incorporation (2.5 μg/mL) into the PEGMAL demonstrated a stronger induction of bone-related genes, particularly alkaline
phosphatase, Collagen 1 and Runx2 compared to higher doses of JAGGED1. However,
higher doses of JAGGED1 (10 μg/mL) in the PEG-MAL construct were associated with
increased BSP production, similar to that found by Dishowitz et al.
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The role of JAGGED1 during osteoinduction of human mesenchymal cells is supported by
this and other reports, suggesting that JAGGED1 can be used as a potential bone therapy.
27,38 In this report, we demonstrated that JAGGED1 incorporation in PEG-MAL strongly
induces Notch signaling and bone-related gene transcription. Furthermore, we found that the
concentration of the hydrogel used, cross-linking agent and concentration of JAGGED1 is
critical for cell survival and that its affect on cellular differentiation and gene expression is
likely cell dependent, as other authors have found.27,28,33,38,42 We propose that JAGGED1PEG-MAL osteoinductive construct provides a novel approach to bone regeneration to be
tested in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Influence of PEG-MAL density on encapsulated cells number. HEPM cells encapsulated
within PEG-MAL hydrogels at various densities (0.625% to 20%). (A) Cell viability
assessed by MTS assay 3 days post encapsulation. (B) Cells were removed by trypsin
treatment and the remained hydrogel stained with Crystal violet. (C) 5%PEG-MAL labeled
with VivoTag-S 645 NIR fluorescent dye and polymerized by GPQ cross-linker was
incubated in PBS. PEG-MAL degradation products released in PBS were imaged on a
BRUKER infrared fluorescent imaging system and quantified by Image J. *p <0.05 versus
0.625% PEG-MAL and #p <0.05 versus day 0.
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FIGURE 2.
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JAGGED1 release profile and Notch signaling activation. (A) Prefunctionalized PEG-MAL
with JAGGED1 (10 ug/m) and RGD peptide were cross-linked and incubated for 20 days in
PBS. Released JAGGED1 from PEG-MAL collected every 2–3 days and quantified by
ELISA. (B–C). HEPM cells were encapsulated in functionalized JAGGED1–5%PEG-MAL
hydrogels and cultured in growth media for 3 days. HEPM cells proliferation (B) and
Apoptosis were measured using the CellTiter Aqueous One 96 Kit and Apo-One
Homogeneous Caspase3/7 kit, respectively. (n = 3) *p <0.05 versus IgG control (JAGGED1
(0 ug/mL) and #p <0.05 versus day 0.
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FIGURE 3.

Activation of Notch Signaling Pathway by Jagged-1PEG-MAL. HEPM cells or Notch
reporter CHO cells were encapsulated in functionalized JAGGED1–5%PEG-MAL
hydrogels and cultured for 3 days. (A) Notch signaling activation in CHO cells analyzed by
YFP fluorescence and quantified using Image J. (bar: 100 μm). (B) Notch-associated gene
expression in HEPM cells were assessed by RT-PCR. (n = 3) *p <0.05 versus IgG control
(JAGGED1 (0 μg/mL).
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FIGURE 4.
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JAGGED1-PEG-MAL stimulates the differentiation of HEPM cells in vitro. HEPM cells
were encapsulated in functionalized JAGGED1–5%PEG-MAL hydrogels and cultured in
osteogenic media for 7 days. (A) HEPM differentiation analyzed by ALP activity using pnitrophenyl phosphate (pNPP) as a substrate which turns yellow when dephosphorylated by
ALP. (B) Expression of osteoblast marker genes was assessed by qPCR (n = 3) *p <0.05
versus IgG control (JAGGED1 (0 μg/mL).
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Gene

Forward primer

Reverse primer

HPRT

ATTGGTGGAGATGATCTCTCTCAACTTT

GCCAGTGTCAATTATATCTTCCACAA

ALP

ACAAGCA CTCCCACTTCATCTGGA

TCACGTTGTTCCTGTTCAGCTCGT

RUNX2

GGAGTGGACGAGGCAAGAGTTT

AGCTTCTGTCTGTGCCTTCTGG

COL1

GACATGCTCAGCTTTGTGGA

CTTTGTCCACGTGGTCCTCT

BSP

AACCTACAACCCCACCACAA

AGGTTCCCCGTTCTCACTTT

NOTCH1

ATCCTGATCCGGAACCGAG

CGTCGTGCCATCATGCAT

HES-1

ATGGAGAAAAATTCCTCGTCCC

TTCAGAGCATCCAAAATCAGTGT

HES-3

CAT CAA TGT GTC ACT GGA GCA

CAA GGA GTT CTG AAG GCT TCT

HEY-1

GAAACTTGAGTTCGGCTCTAGG

GCTTAGCAGATCCTTGCTCCAT

HEY-2

AGGGGGTAAAGGCTACTTTGA

TGGCGCAAGTGCTGAGATG

HEY-L

ATG CAA GCC AGG AAG AAA CGC AGA

AGC TTG GAA GAG CCC TGT TTC TCA
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