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Abstract
Osteogenic differentiation is a tightly regulated process realized by progenitor cell osteoblasts. Notch signaling pathway plays a
critical role in skeletal development and bone remodeling. Controversial data exist regarding the role of Notch activation in
promoting or preventing osteogenic differentiation. This study aims to investigate the effect of several Notch components and
their dosage on osteogenic differentiation of mesenchymal stem cells of adipose tissue. Osteogenic differentiation was induced in
the presence of either of Notch components (NICD, Jag1, Dll1, Dll4) dosed by lentiviral transduction. We show that osteogenic
differentiation was increased by NICD and Jag1 transduction in a dose-dependent manner; however, a high dosage of both NICD
and Jag1 decreased the efficiency of osteogenic differentiation. NICD dose-dependently increased activity of the CSL luciferase
reporter but a high dosage of NICD caused a decrease in the activity of the reporter. A high dosage of both Notch components
NICD and Jag1 induced apoptosis. In co-culture experiments where only half of the cells were transduced with either NICD or
Jag1, only NICD increased osteogenic differentiation according to the dosage, while Jag1-transduced cells differentiated almost
equally independently on dosage. In conclusion, activation of Notch promotes osteogenic differentiation in a tissue-specific dose-
dependent manner; both NICD and Jag1 are able to increase osteogenic potential but at moderate doses only and a high dosage of
Notch activation is detrimental to osteogenic differentiation. This result might be especially important when considering possi-
bilities of using Notch activation to promote osteogenesis in clinical applications to bone repair.
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Introduction

Osteogenic differentiation is a tightly regulated process realized
by specialized cells called osteoblasts. The activation factors for
genes and cellular signaling pathways at the early stages of oste-
ogenic differentiation both in normal condition and in patholog-
ical calcification remain the subject of active research. The inter-
pretation of early mechanisms of triggering osteogenic differen-
tiation is important as a potential possibility of controlling this

differentiation for induction of osteogenesis, when bone forma-
tion is necessary, or for prevention in various pathologies associ-
ated with pathological calcification of tissues.

Notch (1 to 4) are single-pass transmembrane receptors that
play a critical role in cell fate decisions (Andersson et al. 2011).
Notch controls skeletal development and homeostasis, as well as
osteoblast and osteoclast differentiation (Zanotti and Canalis
2016; Canalis 2018). Notch is activated by receptor-ligand inter-
actions, resulting in the release of the Notch intracellular domain
(NICD). In the canonical signaling pathway, NICD translocates
to the nucleus, displacing transcriptional repressors and
interacting with recombination signal binding protein for immu-
noglobulin κJ region (Rbpjκ) and with Mastermind-like (Maml)
proteins to regulate transcription (Kovall et al. 2017). Classic
targets of Notch canonical signaling include hairy enhancer of
split (Hes)1, -5 and -7 andHes relatedwith YRPWmotif (Hey)1,
-2 and -L (Kovall et al. 2017).

Interest in the role of the Notch pathway in proosteogenic
events during bone development and healing has grown
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dramatically over the past decade. However, interpretation of
various experimental models such as transgenic mouse
models and cell lines of different origin and various modes
of Notch activation via different ligands gave contradictory
opinions concerning the role of Notch pathway in promoting
or opposing osteogenic differentiation.

Deletion or mutation of any one or more of genes in Notch
signaling pathway resulted in severe skeletal phenotypes in
humans and in mouse models (Canalis 2018). Mutations in
the Jagged-1 (Jag1) or Notch2 genes cause Alagille syndrome
in humans, an autosomal dominant disorder with characteristic
skeletal manifestations, including osteopenia and high preva-
lence of fractures. Dominant-positive Notch2-activating muta-
tions cause Hajdu–Cheney syndrome, which also has a strong
skeletal phenotype (Canalis 2018). In cell cultures, activation
of Notch signaling was reported to either promote (Tezuka
et al. 2002; Doi et al. 2006; Ugarte et al. 2009; Shimizu
et al. 2011) or inhibit (Shindo et al. 2003; Bai et al. 2008;
Hilton et al. 2008a, 2008b) osteoblast differentiation and min-
eralization. In murine preosteoblast cells, Notch repressed os-
teoblast maturation through the binding of NICD or the Notch
target genes HES1 and HEY1 to RUNX2 (Engin et al. 2008;
Hilton et al. 2008a, 2008b; Salie et al. 2010). More recent
works using cellular models showed Notch to promote osteo-
genic differentiation (Liu et al. 2016; Cao et al. 2017; Liao
et al. 2017a, 2017b ; Cui et al. 2018). In transgenic mouse
models, loss of Notch function resulted in radiodense or oste-
oporotic bones, while gain of Notch function was reported to
have either osteoporotic or osteosclerotic phenotypes
(Deregowski et al. 2006; Engin et al. 2008; Hilton et al.
2008a, 2008b; Zanotti et al. 2008; Zanotti and Canalis 2014;
Canalis et al. 2016). Thus, controversial results still raise the
question about the role of Notch osteogenic differentiation.

Notch is known for its tissue-specificity and also for fine-
tuning of the signaling due to a lack of amplification step
(Andersson et al. 2011; Yamamoto et al. 2014).

Gene-dosage sensitivity has been known for Notch in some
experimental systems (Guruharsha et al. 2012) but to our
knowledge has not been explored for osteogenic
differentiation.

In this work, we sought to find how different Notch signal-
ing components influence the osteogenic capacity of mesen-
chymal stem cells derived from adipose tissue (MSC) and if/
how osteogenic potential is influenced by dosage of Notch. To
test this, we used lentiviral transduction and altered the dosage
of the used genes by adding different amounts of correspond-
ing viruses to the MSC. We show that both NICD and Jag1
positively regulate the osteogenic potential of MSC in a dose-
dependent manner, though a high dosage of either NICD or
Jag1 could have a negative influence and prevent osteogenic
differentiation of MSC. Our findings suggest that the fine-
tuned dosage of Notch signaling is critical for osteogenic dif-
ferentiation of mesenchymal stem cells.

Materials and methods

Cell culture and differentiation

The study was performed according to the Helsinki declara-
tion and approval was obtained from the local Ethics
Committees in Almazov National Medical Research
Centre.Written informed consent was obtained from all sub-
jects prior to fat tissue biopsy. Adipose tissue-derived mes-
enchymal stem cells (MSC) were collected from healthy do-
nors as previously described (Malashicheva et al. 2015); cul-
tured for three to six passages. The cells were maintained in
tissue culture grade uncoated Petri dishes (Corning, USA) in
alpha-MEMmedium(PANECO,Russia) supplementedwith
10% fetal calf serum (Hyclone, USA), 50 U/mL penicillin
and 50 μg/mL streptomycin (Invitrogen, USA) at 37 °C and
5% CO2. MSC immunophenotype was verified with flow
cytometer GuavaEasyCyte8 (Millipore, USA) using CD19,
CD34, CD45, CD73, CD90 and CD105 monoclonal anti-
bodies (BD, USA) as previously described (Dmitrieva et al.
2015).

Osteogenic differentiation was induced by the addition to
the culture medium of 50 μM ascorbic acid, 0.1 μM dexa-
methasone and 10 mM beta-glycerophosphate (Sigma, USA).
The culture media was changed twice a week. The differenti-
ation was considered terminal after 21–22 days of induction.

Calcium deposits were demonstrated byAlizarin Red stain-
ing. Cells were washed with PBS, fixed in 70% ethanol for 60
min, washed twice with distilled water and stained using
Alizarin Red solution (Sigma). The images of calcium phos-
phate deposition were analyzed for the ratio of differentiated
and undifferentiated cell areas with MosaiX software (Carl
Zeiss microsystems, Germany).

For co-culture experiments, half of the required amount of
MSC were seeded and transduced by lentiviral particles. The
next day, the other part of MSC, without any genetical mod-
ifications, was seeded on the cell monolayer.

Genetic constructs and lentivirus production

Lentiviral packaging plasmids were a generous gift from
Prof. Didier Trono (École Polytechnique Fédérale de
Lausanne, Switzerland). pGa981-6 plasmid was a gift
from Prof. Urban Lendahl (Karolinska Institutet,
Sweden). The 12XCSL-Luciferase was cloned at the
AscI and SpeI restriction sites of pLVTHM-T7-cm.
Lentiviral production was performed as described previ-
ously (Malashicheva et al. 2007). In brief, 100-mm dishes
of subconfluent 293T cells were co-transfected with 15 μg
pLVTHM-T7-NICD, 5.27 μg pMD2.G and 9.73 μg
pCMV-dR8.74psPAX2 packaging by the calcium-
phosphate method. The following day, the medium was
changed to the fresh one and the cells were incubated
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for 24 h to obtain high-titer virus production. Produced
lentivirus was concentrated from the supernatant by ultra-
centrifugation, resuspended in 1% BSA/PBS and frozen
in aliquots at − 80 °C. The virus titer was defined by
GFP-expressing virus; the efficiency of MCS transduction
was 85–90% by GFP.

The viruses bearing Notch intracellular domain (NICD),
Dll1, Dll4 and Jag1 were described previously (Kostina
et al. 2016).

qPCR

RNA from cultured cells was isolated using ExtractRNA
(Eurogen, Russia). Total RNA (1 μg) was reverse tran-
scribed with MMLV RT kit (Eurogen, Russia). Real-time
PCR was performed in the ABI 7500 system (Applied
Biosystems, USA) with the following cycling conditions:
10 min at 95 °C, 15 s at 95 °C and 1 min at 60 °C for 40
cycles with a final 4 °C hold, using specific forward and
reverse primers for target genes. Corresponding gene ex-
pression level was normalized to GAPDH from the same
samples. The primer sequences are available upon re-
quest. The data were analyzed via 7500 Software v2.0.6
and the Ct values were extracted for each gene. A melting
curve analysis was performed to verify that the product
consisted of a single amplicon. The thresholds and base-
lines were set according to the manufacturer’s instructions
(SABiosciences, Qiagen, USA). The data were analyzed
using software supplied by Qiagen (http:/ /www.
sabiosciences.com/pcr/arrayanalysis.php). The fold
change in gene expression (compared to control
samples) was calculated using the ΔΔCt method. The
gene was considered as differentially expressed if it had
an absolute intensity fold-change more than 1.5 compared
to the control sample (P < 0.1). dChip 2008 software
(Cheng Li Lab, Boston, MA) was used to screen for dif-
ferentially expressed genes and perform hierarchical clus-
tering (Li and Wong 2001). All experiments were per-
formed with three biological replicates, i.e., three inde-
pendent experimental procedures.

Detection of apoptosis/necrosis

On day 4 of differentiation, MSC were removed from the
surface of the plate using trypsin. The cells were suspended
in Annexin binding buffer (Biolegend) and stained using
AnnexinV-PE (Biolegend) according to the manufacturer’s
recommendations. Flow cytometry was performed on
GuavaEasyCyte8 with detection of Annexin V positive
(apoptosis) cells in relative count in percent. At least 10,000
cells were analyzed per each sample. All analyses were per-
formed in triplicates.

Promoter activity assay

To estimate Notch activity, we transfected cells with lentiviral
12XCSL-Luciferase reporter construct and measured CSL ac-
tivity. Cell lysis was performed using the Luciferase Assay
System (Promega) according to the manufacturer’s recom-
mendations. Luciferase activity was measured with
Synergy2 (BioTek, USA). Samples were normalized by pro-
tein content using Pierce BCA Protein Assay Kit (Thermo
Scientific).

Results

Influence of different components of Notch signaling
on osteogenic potential of MSC

To analyze how various Notch components influence the os-
teogenic differentiation potential of mesenchymal stem cells
(MSC), we used the viruses bearing one of the following
Notch ligands; Dll1, Dll4, Jag1 and Notch intracellular do-
main (NICD) (Kostina et al. 2016). We hypothesized that
different dosages of the ligands and NICD could influence
osteogenic differentiation of MSC. To test this hypothesis,
we transduced MSC with different amounts of corresponding
viruses, induced osteogenic differentiation on the following
day and analyzed Alizarin staining after 21 days of differenti-
ation (Fig. 1a). Dll1 and Dll4 have not influenced osteogenic
potential of MSC (data not shown), whereas NICD and Jag1
both increased Alizarin staining of the cultures at the dosage
of 1 and 5 moi (multiplicity of infection) of the viruses; how-
ever, the higher dosage of 15 moi inhibited osteogenic differ-
entiation for both NICD and Jag1 (Fig. 1a).

Consequently, we analyzed the activation of Notch target
genes HEY1 and HES1 in response to the induction of osteo-
genic differentiation in the presence of different amounts of
NICD and Jag1 (Fig. 1b). We observed dose-dependent acti-
vation of both HEY1 and HES1 transcription in both NICD
and Jag1 stimulated cultures. NICD activated a high level of
HEY1 transcription, whereas Jag1 activated only a moderate
transcription ofHEY1.HES1 transcription was also moderate-
ly activated by both NICD and Jag1. The level of activation of
both Notch targets was dependent on the dosage of NICD and
Jag1. Remarkably, high doses of NICD or Jag1 (20 moi)
caused a decrease in expression of both targets.

Next, we analyzed expression of SPP1 (bone
sialoprotein I also known as osteopontin OPN), a gene
associated with osteoblastic lineage (Merry et al. 1993).
Correspondingly, expression of SPP1 was elevated at the
induction of osteogenic differentiation of MSC (Fig. 1c).
Transcription of SPP1 was dose-dependently elevated by
NICD and Jag1 at 1 and 5 moi and decreased at a further
elevation of NIСD and Jag1 dosage.
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The data shown here suggest that both NICD and Jag1 are
capable of promoting osteogenic differentiation of MSC in a
dose-dependent manner most probably through dose-
dependent activation of transcription of downstream targets.
However, a high dosage of Notch activation causes inhibition
of high levels of osteogenic differentiation.

High dosage of Notch decreases CSL-dependent
transcription

A high dosage of Notch activation caused a decrease in
expression of both Notch targets and inhibition of high
levels of osteogenic differentiation. To verify how activat-
ed Notch operates in MSC at the CSL level, we co-
transduced cells with different amounts of lentivirus bear-
ing NICD and 12xCSL-Luciferase and measured CSL lu-
ciferase activity using Luciferase Assay System. Elevation
of NICD caused an increase of CSL activity and further
elevation of NICD dosage caused a decrease of CSL ac-
tivity (Fig. 2). Thus, it seems that NICD-induced tran-
scription depends on a fine-tuned dosage and high doses
of Notch activation could inhibit transcription of Notch
target genes.

Intercellular communications contribute to the level
of osteogenic differentiation

We noticed a more moderate activation of HEY1 transcrip-
tion, when we transduced MSC with various dosages of
Jag1 compared to NICD. We hypothesized that the lateral
regulation known for Notch signaling (Sjöqvist and
Andersson 2017) could be involved in osteogenic induc-
tion. Lateral regulation is especially important in intercel-
lular communication and tissue-specific differentiation de-
cisions. Therefore, to elucidate how intercellular commu-
nication between MSC contributes to osteogenic differen-
tiation, we compared NICD and Jag1 induced target gene
activation in monoculture and in co-culture. In the first
type of experiment, we directly introduced NICD and

Jag1 bearing viruses in different dosages (direct induction)
and induced osteogenic differentiation; for the induction in
co-culture, we first transduced corresponding viruses into
half of the MSC, then added the second half of the MSC
and then induced osteogenic differentiation (see “Materials
and methods”). Then, we analyzed the expression of Notch
target gene HEY1 and osteogenic gene SPP1 and stained
differentiated cells for Alizarin (Fig. 3). NICD activated
HEY1 in a dose-dependent manner in monoculture and to
a lesser extent in co-culture (Fig. 3a). However, the level of
proosteogenic SPP1 dropped at a high dosage of NICD
(Fig. 1c), and correspondingly, the efficiency of differenti-
ation decreased at a high dosage of NICD in both mono-
culture and co-culture (Fig. 3e). Thus, both NICD in mono-
culture and co-culture acts in a similar dose-dependent
manner and a high dosage of NICD inhibits osteogenic
differentiation.

Next, we analyzed if Jag1 had the same mode of action. In
both monoculture and co-culture, Jag1 induced moderate
dose-dependent activation of HEY1 transcription (Fig. 3b).
Jag1 caused expression of proosteogenic SPP1 in a dose-
dependent manner with its decrease at high concentrations
of Jag1 in monoculture but not in co-culture (Fig. 3d). In co-
culture, the expression level of SPP1 was the same at all the
concentrations of Jag1 and osteogenic potential estimated by
Alizarin staining remained more or less the same regardless
the dosage of Jag1 (Fig. 3e).

Thus, Jag1 dose-dependent action in promoting osteogenic
differentiation is different in monoculture and co-culture. In
contrast to Jag1 action in monoculture, intercellular commu-
nications somehow are able to regulate a high dosage of Jag1
in co-culture and support osteogenic differentiation at the
same level.

Fig. 2 NICD influences CSL-dependent transcription in a dose-
dependent manner. Mesenchymal stem cells (MSC) were co-transduced
with different amounts of lentivirus bearing Notch intracellular domain
(NICD) and 12xCSL-Luciferase. Different amounts of NICD virus cor-
respond to 5 and 25 multiplicity of infection units (MOI). CSL activity
was analyzed using Luciferase Assay System

�Fig. 1 NICD and Jag1 influence osteogenic differentiation in a dose-
dependent manner. Mesenchymal stem cells (MSC) were transduced with
different amounts of lentiviruses bearing either Notch intracellular do-
main (NICD) or Jag1 and then osteogenic differentiation was induced.
Different amounts of viruses correspond to 1, 5 and 15 multiplicity of
infection units (MOI). Alizarin red staining ofMSC cultures 21 days after
the induction of osteogenic differentiation (a). Histogram represents esti-
mation of differentiated areas by MosaiX software (a’). Expression of
Notch target genes HEY1 and HES1 in MSC differentiating in the pres-
ence of different dosages of NICD (b) and Jag1 (b’). Expression of
proosteogenic gene SPP1 in MSC differentiating in the presence of dif-
ferent dosages of NICD (c) and Jag1 (c’). Undif: undifferentiated cells,
dif: the cells induced to osteogenic differentiation
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Induction of Notch genes in monoculture
and co-culture

To elucidate how Notch genes are induced by NICD in mono-
culture and co-culture, we introduced different doses of NICD
to MSC in monoculture and co-culture correspondingly, in-
duced osteogenic differentiation and analyzed expression
levels of NOTCH1, NOTCH2, NOTCH3, NOTCH4, DLL1,
DLL4 and JAG1 (Fig. 4) 3 days after the induction of differ-
entiation. The amount of NICD corresponding to 10 moi ap-
plied in co-culture activated substantially elevated transcrip-
tion of NOTCH1, NOTCH3, NOTCH4, DLL1 and DLL4.
Transcription of JAG1 was activated in a dose-dependent
manner in both co-culture and mono-culture. Along with the
data presented in the previous sections about the influence of
NICD dosage on osteogenic differentiation, our results sug-
gest that “an optimal” NICD dosage could be used to elevate
the efficiency of osteogenic differentiation and this “optimal
dosage” is achieved through a concerted action of several
Notch components.

High dosages of NICD and Jag1 cause apoptosis
of MSC

Both NICD and Jag1 promoted osteogenic differentiation of
MSC in a dose-dependent manner in monoculture; however,
at a high dosage of both NICD and Jag1, we observed a de-
crease in MSC differentiation. We transduced MSC with var-
ious dosages of NICD and Jag1 and used GFP-bearing virus
as a control to lentiviral infection cytotoxicity. Three days
after transduction, we verified the level of apoptosis by
Annexin V labeling using flow cytometry (Fig. 5). In undif-
ferentiated cells, GFP-bearing virus caused a slight induction
of apoptosis in MSC close to background. A similar level of

apoptosis was detected when NICD-bearing virus was added
to undifferentiated MSC. However, a high dosage of Jag1
corresponding to 10 moi induced visible elevation of apopto-
tic cell percentage (up to 10%). MSC induced to osteogenic
differentiation were more sensible to apoptotic induction by
NICD and even more sensible to Jag1 in a dose-dependent
manner. The data suggest that a high dosage of both NICD and
to a greater extent of Jag1 induces apoptosis in differentiating
MSC thus preventing further differentiation, which corre-
sponds to the data obtained by staining with Alizarin red
(Fig. 1 a).

Discussion

We have shown here that activation of Notch by either NICD
or Jag1 increases osteogenic differentiation capacity of mes-
enchymal stem cells in a dose-dependent manner but high
doses of activation of the signaling cause a decrease in osteo-
genic differentiation. We also showed the differences between
a dose-dependent response of the cells to Jag1 or NICD acti-
vation when Jag1 and NICD activation is applied in co-culture
with only half of the cells bearing the exogenous Notch signal.

The dose-dependent manner of Notch has been described
in some cellular contexts. Depending on the level of activa-
tion, Notch induced opposite responses in the same cell type
(Guentchev and McKay 2006; Kristoffersen et al. 2013). To
our knowledge, there has been no description of dose-
dependent action of Notch for osteogenic lineages.

The question about the role of Notch in supporting osteo-
genic differentiation still remains unresolved and controver-
sial. There is a considerable piece of data supporting its pro-
moting role in osteogenic differentiation, while at the same
time, some data support the opposite view. Several in vivo
and in vitro models are employed to explore the role of
Notch in osteogenic differentiation. Mouse models for the
study of Notch signaling include Notch1-4 null knockout
mice. Global inactivation of Notch1,2 leads to early embry-
onic lethality and the role of Notch3,4 in the skeleton has not
been described (Canalis 2018). Conditional activation of
NICD of either Notch1 or Notch2 was detrimental to normal
bone formation (Deregowski et al. 2006; Zanotti and Canalis
2014; Canalis et al. 2016). This viewwas supported by in vitro
experiments: stable Notch activation in C2C12 myoblastic
cells, ST-2 stromal cells and osteoblastic MC-3T3 cells sup-
pressed osteoblastic differentiation (Nofziger et al. 1999;
Sciaudone et al. 2003; Deregowski et al. 2006). At the same
time, NICD activation in MC3T3-E1, C3H10T1/2 lines and
human MSC stimulated osteogenic differentiation (Tezuka
et al. 2002; Ugarte et al. 2009). Thus, both in vivo and
in vitro activation and inactivation studies give contradictory
signals. However, another kind of experiment such as analysis
of Notch genes activation in the course of osteogenic

�Fig. 3 NICD and Jag1 act differently in monoculture and co-culture.
MSC were seeded at a density of 80 × 103/cm2 and corresponding
lentiviral concentrates were added immediately to the culture medium;
after 24 h, osteogenic differentiation was induced. For co-culture exper-
iments, the cells were seeded at a density of 40 × 103/cm2, corresponding
lentiviral concentrates were added immediately to the culture medium;
after 24 h, the cells at a density 40 × 103/cm2 were added to the same
culture well and after 24 h, osteogenic differentiation was induced.
Different amounts of viruses correspond to 1, 5, 10, 15 and 20multiplicity
of infection units (MOI). Expression of Notch target genesHEY1 inMSC
differentiating in the presence of different dosages of NICD in monocul-
ture and co-culture (a). Expression of Notch target genes HEY1 in MSC
differentiating in the presence of different dosages of Jag1 inmonoculture
and co-culture (b). Expression of proosteogenic gene SPP1 in MSC dif-
ferentiating in the presence of different dosages of NICD in monoculture
and co-culture (c). Expression of proosteogenic gene SPP1 in MSC dif-
ferentiating in the presence of different dosages of Jag1 in monoculture
and co-culture (d). Alizarin red staining ofMSC cultures 21 days after the
induction of osteogenic differentiation (e). Undif: undifferentiated cells,
dif: the cells induced to osteogenic differentiation
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differentiation revealed that Notch genes are activated during
the differentiating process with a definite timing of activation/
inactivation (Ongaro et al. 2016; Urbanek et al. 2017; Bagheri
et al. 2018), which supports the promoting role of Notch in
osteogenic differentiation. A recent work proposed a two-
phase action model of Notch signaling in osteogenesis, where
activation of Notch signaling in early stages of osteoblast dif-
ferentiation results in proliferation of immature preosteoblast
lineage cells and activation in late stages promotes differenti-
ation of osteoblasts into osteocytes (Ji et al. 2017). It has been
shown recently that the inhibitory or promoting role of Notch
could also be regulated by microRNAs (Liao et al. 2017a,
2017b). However, none of these works considered the signal
dosage as a possible reason of contradictions.

Notch-signaling is extremely dose sensitive due to the
lack of a signal amplification step or utilization of second-
ary messengers to transmit the signal from the cell surface
to the nucleus (Yamamoto et al. 2014). By altering the
amount of ligands and receptors expressed in a cell, nu-
merous scenarios of Notch activation patterns can be gen-
erated. We suggest that the initial level of Notch signal
could be critical for the cell fate decision in relation to
osteogenic differentiation. How this tight regulation is con-
trolled at a molecular level is the subject of future studies.

We observed the differences in activating effects of
NICD and Jag1 when used in co-culture experiments. It
seemed that Jag1 had more power to regulate the strength
and toxicity of the signal when used in co-culture. This
finding is well in line with the recently described impor-
tance of Jag1 ligand in osteoblast lineage cells directly
altering bone geometry and bone mass (Youngstrom et al.
2016) and also with a phenomenon that delivery of Jag1
using clinically applicable collagen sponges significantly
enhances bone healing without excess ectopic bone
(Youngstrom et al. 2017). A known clinical problem in
bone regeneration is that the methods based on overpro-
duction of bone tissue by bone morphogenetic proteins
(BMPs) could include potentially fatal ectopic bone and
malignant transformation. We in the present study and the
group of Hankenson in their recent paper show that fine-
tuning dose of Notch ligands will be an important aspect of
promoting a physiologically appropriate bone response
(Youngstrom et al. 2017). Unlike BMP2, Jag1 appears to
promote a bone-prone phenotype only among cell types
that are predisposed to form bone, such as post-injury mes-
enchyme: enhancing the safety profile bone (Youngstrom
et al. 2017). Together, the data suggest that Jag1 treatment
in co-culture could be more therapeutically applicable.
Long-term safety studies of Notch-activating therapies in
bone will be required to prove this suggestion.

We propose that extreme sensitivity of Notch signaling to
the dosage defines that even slight perturbations of the
strength of the signaling could cause detrimental effects on
tissue differentiation state. Thus, considering the dosage of
the signaling is a very important issue.

Fig. 5 High doses of NICD and Jag1 induce apoptosis inMSC induced to
osteogenic differentiation. Mesenchymal stem cells (MSC) were trans-
duced with different amounts of lentiviruses bearing either Notch intra-
cellular domain (NICD) or Jag1 and then osteogenic differentiation was
induced for 3 days where indicated. Undifferentiated cells were also

harvested after 3 days of culture. Different amounts of viruses correspond
to 1, 3 and 15 multiplicity of infection units (MOI). GFP-bearing virus
was used as a control. Annexin V labeling was analyzed by flow cytom-
etry. Undif: undifferentiated cells, dif: the cells induced to osteogenic
differentiation

�Fig. 4 Expression of Notch component genes in MSC transduced with
different doses of lentiviruses bearing NICD in co-culture and monocul-
ture. Different amounts of viruses correspond to 1, 5, 10 and 15 multi-
plicity of infection units (MOI). NICD-bearing viruses were added to
either monocultures or co-cultures of MSC (see figure legend of Fig. 2).
Undif: undifferentiated cells, dif: the cells induced to osteogenic
differentiation
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