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Notch pathway activation promotes the differentiation
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Abstract

Background. Periodontal ligament stem cells (PDLSCs) have demonstrated the potential for differentiation
into many cell types, though the molecular mechanism of their neural differentiation in particular remains
largely unknown.

Objectives. The Notch signaling pathway plays a key role in requlating cell differentiation and development.
In this article, we explore its potential role in the differentiation of PDLSCs to Schwann cells (SCs).

Materials and methods. The PDLSCs were either transfected with viral vectors carrying genetic material
for Notch Delta ligands, thereby induced their overexpression, or treated with DAPT (@ Notch-pathway-specific
inhibitor) to inhibit y-secretase. The potential effects of Notch signaling on myelination and SCs differentiation
were then investigated using western blotting, immunostaining and reverse transcriptase polymerase chain
reaction (RT-PCR) to detect the expression of SC-specific marker genes.

Results. Specifically inhibiting Notch signaling with DAPT decreased the expression of SC-specific marker
genes GFAP, S100 and P75, as well as of SCmyelin-related genes VP22, MBP, connexin, and PO in cells un-
dergoing induced differentiation from PDLSCs. Conversely, activating Notch signaling through overexpression
of Delta ligands enhanced the expression of SCG-specific marker genes as well as myelin-related genes in cells
undergoing induced differentiation from PDLSCs. This promotion was reversed by DAPT.

Conclusions. The Notch signaling pathway positively requlated the process of PDLSC differentiation into
SCs, and the activation of this signaling was important in maintaining the differentiation of PDLSCs to SCs,
and then SC myelination. These results may improve the method of obtaining pure SCs from PDLSCs for
transplantation application.
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Background

The Schwann cells (SCs) are a glial nerve cell type that
form an important part of the Ruffini body of periodontal
nerve endings, and play an important role in growth, devel-
opment and regeneration of peripheral nerves.'? Schwann
cells are essential in increasing the density of peripheral
nerve endings, and in the improvement of osseoperception.
They respond rapidly to nerve injury, and promote axon re-
growth and nerve regeneration. Schwann cells also produce
various growth factors that are involved in phagocytosis
and the clearance of myelin fragments. All these character-
istics have made SCs the first and the most widely used sup-
port cells to be used for peripheral nerve regeneration.>->

In our previous study, we found that periodontal liga-
ment stem cells (PDLSCs) isolated from beagle dogs ef-
fectively differentiated into SCs with exposure to a com-
bination of dimethyl sulfoxide (DMSO), basic fibroblast
growth factor (bFGF), brain-derived neurotrophic factor
(BDNF), nerve growth factor (NGF) and forskolin.®” Mul-
tiple signaling pathways, transcription factors, and neu-
rotrophic factors had been implicated in their differentia-
tion.>8 However, the mechanisms underlying the process
of PDLSC differentiation to SCs are poorly characterized.

We have previously demonstrated that the Erk1/2 signal-
ing pathway is involved in the differentiation of PDLSCs
to SCs.? Although inhibition of the Erk1/2 pathway is shown
to prevent the differentiation of PDLSCs to SCs, we still find
evidence of a number of SCs in culture. This suggests that
other signaling pathways are also involved in the process.

In this study, we investigate whether the Notch signal-
ing pathway is involved in the differentiation of PDLSCs
to SCs. The Notch signaling pathway is a highly conserved
system that regulates cell differentiation and development
in many multicellular organisms.!®!! Moreover, many re-
ports indicate that Notch signaling is involved in differ-
ent stages of SCs development, including acting on neural
crest stem cells and mediating the generation of immature
SCs.!213 The structure of Notch family members is highly
conserved, and the regulatory mechanism is very complex.
Notch signaling in vertebrates consists of Notch, Notch
ligands (Delta and Jagged proteins) and CSL DNA bind-
ing proteins. Following Notch receptor binding to Delta
or Jagged ligands, Notch is cleaved by the y-secretase
activity of presenilin-1 (PS1) to release the cytoplasmic
domain of the Notch receptor — the Notch intracellular
domain (NIC) — which translocates to the nucleus and
binds to the transcription factor CSL, leading to the tran-
scriptional activation of downstream target genes.'*

Objectives

In this study, we provide evidence that Notch signaling
represents a key regulatory pathway in regulating PDLSC
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differentiation. We used the y-secretase inhibitor DAPT
to specifically inhibit the Notch signaling pathway, and
overexpressed the Delta ligand to activate it. The effect
of the Notch signaling pathway on the differentiation
of PDLSCs to SCs was examined.

Materials and methods

All animals were purchased from Sichuan University
and the experimental protocol was approved by the Ethical
Guideline Committee of Animal Care, West China College
of Medical Sciences, Sichuan University, Chengdu, China.

Isolation and culture of PDLSCs

The PDLSCs were isolated from the periodontal liga-
ments of beagle dogs using the single-colony selection
method as described previously.!> Two healthy beagle
dogs, 12-month-old, weighing about 10 kg, were selected.
The premolars were extracted, and the periodontal liga-
ments were carefully scraped off. The PDLSCs were disso-
ciated by digesting the periodontal ligaments with Trypsin-
EDTA (0.25%) (Catalog No. 25200056; Gibco, Waltham,
USA) and cultured following gradient centrifugation. Next,
PDLSCs were identified by a combination of optical mi-
croscopy and flow cytometry, as described previously.!®

Differentiation of PDLSCs to SCs

We induced the differentiation of PDLSCs to SCs as de-
scribed previously.® The PDLSCs were then treated with
2% DMSO for 5 h, before culturing in differentiation me-
dium, which contained 10 ng/mL bFGEF, 10 ng/mL NGF,
10 ng/mL BDNF, 14 mM forskolin, and 20% (v/v) fetal bo-
vine serum (FBS) in minimal essential medium (MEM)
alpha modification, with L-glutamine, with ribo- and de-
oxyribonucleosides (Sigma-Aldrich, St. Louis, USA).

Co-culture of PDLSCs and DRG cells

For co-culture assays, cells were grown in six-cell culture
inserts following the manufacturer’s instructions (BD Bio-
sciences, Franklin Lakes, USA). A population of 1 x 10* dor-
sal root ganglion (DRG) cells was diluted in 1 mL medium
and loaded into the upper chamber of a transwell cell insert
(Lot 3450; Corning Inc., Corning, USA), while a population
of 2 x 10* PDLSCs in 2 mL medium was added to the lower
chambers. The transwell cell inserts allowed PDLSCs and
DRG cells to share the same medium without direct contact.

Western blotting

S$100, GFAP, P75, MYTI1L, SNW1, ASPN, and GAPDH
antibodies were purchased from Cell Signaling Technology
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(Danvers, USA) and diluted at 1:100 in Tris-buffered saline
with Tween (TBST). Total protein was extracted using
RIPA lysis buffer, and protein concentration was deter-
mined using a bicinchoninic acid (BCA) assay kit (M&E
Gene Technology, Beijing, China). Western blotting was
performed as described previously.’

Immunofluorescence

Protein zero (P0) and myelin basic protein (MBP) antibod-
ies were purchased from Abcam (Cambridge, UK). DAPT
and fluorescein isothiocyanate-conjugated secondary an-
tibody were purchased from BD Biosciences. After 2 weeks
of induction, cells were immunoassayed as described previ-
ously” Immunofluorescence was visualized under an Olym-
pus IX 71 microscope (Olympus Corp., Tokyo, Japan).

Quantitative real-time PCR

Total RNA was extracted using Trizol reagent according
to the manufacturer’s guidelines. Reverse transcription
of mRNA was performed using the PrimeScript RT kit
(TaKaRa, Kyoto, Japan). The quantitative real-time poly-
merase chain reaction (QRT-PCR) was performed on an ABI
7500 (Applied Biosystems, Foster City, USA) using a SYBR
Premix Ex Taq Kit (TaKaRa) according to the manufac-
turer’s guidelines. GAPDH was used as an internal control.

Statistical analyses

Each experiment was performed 3 times. One-way anal-
ysis of variance (ANOVA) and the Student’s t-test were
used to determine statistical differences between groups.
All data are expressed as mean + standard deviation (SD).
A value of p < 0.05 was considered significant.

Results
Characterization of PDLSCs

The PDLSCs appeared mainly polygonal with a typical
spindle-shaped, fibroblast-like morphology (Fig. 1A). Flow
cytometry was performed to detect stem cell surface mark-
ers. These cells showed relatively high expression levels
of the surface markers STRO-1 and CD146 (Fig. 1B), indi-
cating that they indeed had the characteristics of stem cells.
The concentration of PDLSCs in the sample was very high.

Activation of the Notch signaling
pathway promotes the differentiation
of PDLSCs into SCs

Firstly, we characterized Notch signaling in the differ-
entiation of PDLSCs into SCs. The PDLSCs were cultured
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Fig. 1. Identification of PDLSCs. A. Inverted microscopy revealing the cell
morphology of PDLSCs; B. Detection of PDLSC markers using flow
cytometry

in differentiation medium containing DMSO, bFGF, BDNF,
NGF, and forskolin to induce SC phenotypes. Differen-
tiation into SCs was confirmed by the high expression
of SC protein markers, including S100, GFAP and P75,
as detected using western blot. We also found that dif-
ferentiated PDLSCs exhibited upregulation of key proteins
in the Notch 1 signaling pathway compared with undif-
ferentiated PDLSC:s (Fig. 2), such as the myelin transcrip-
tion factor 1-like protein (MYT1L), a coactivator for Notch
transcriptional activation, SN'W domain-containing pro-
tein 1 (SNW1) and ASPN. These results suggested that
the Notch pathway was activated during the differentiation
of PDLSCs to SCs.

To further evaluate whether the Notch pathway
was involved in the differentiation of PDLSCs into
SCs, we investigated the effect of activation or in-
hibition of Notch signaling, using viruses over-
expressing the Delta Notch ligand or an inhibitor
of the Notch pathway, respectively. We found that
activation of Notch signaling through the overex-
pression of the Delta ligand (which was confirmed
by the upregulation of the MYT1L protein) increased
the expression of SC-specific markers, including S100,
GFAP and P75, compared to the control group. Fur-
ther, the addition of DAPT to the differentiation me-
dium decreased the expression of SC-specific markers
compared with the control group (Fig. 3). These data
suggest that activation of Notch signaling promotes
the differentiation of PDLSCs into SCs, while inhibi-
tion of Notch signaling hinders this process. Taking
all of these evidences into account, it appears that
the Notch signaling pathway is involved in the dif-
ferentiation of PDLSCs into SCs.
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Fig. 2. Notch signaling pathway is involved in myelin formation during the differentiation of PDLSCs to SCs. Co-culture of PDLSCs and DRGs was conducted
as described in the legend of Fig. 3. The expression of SC myelin-formation-related proteins PO and MBP was analyzed with immunofluorescent staining.
Blue spots represent nuclei stained with DAPI

*p < 0.05, **p < 0.01 compared to uPDLSC group; fp < 0.05, #p < 0.01 compared to corresponding dPDLSC group; *p < 0.05, **p < 0.01 compared
to dPDLSC+Delta-Virus group.
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Fig. 3. Notch signaling pathway is involved in differentiation of PDLSCs to SCs. PDLSCs were induced to differentiate into SCs. In one group, PDLSCs were
transfected by viral vector expressing the Delta ligand. In the other group, DAPT was added to the medium to specifically inhibit the Notch signaling
pathway. Protein was extracted from: undifferentiated PDLSCs (UPDLSCs); differentiated PDLSCs (dPDLSCs); differentiated PDLSCs transfected with the Delta
viral vector; or differentiated PDLSCs treated with DAPT. The expression of Notch-pathway-related proteins MYTIL, SNW1 and ASPN, as well as SC-specific
proteins S100, GFAP and P75, was analyzed with western blotting. Relative protein expressions were normalized to levels of GAPDH

*p < 0.05, **p < 0.01 compared to uPDLSC group; *p < 0.05, #p < 0.01 compared to corresponding dPDLSC group.

Activation of Notch signaling promotes
myelin formation during differentiation
of PDLSCs into SCs

We co-cultured PDLSCs with dorsal DRG cells to evalu-

of PO and MBP in the cytoplasm of differentiated PDLSCs,
confirming that PDLSCs were induced to differentiate
into SCs (Fig. 3). We further evaluated whether changes
in Notch signaling would affect the expression of these
genes in differentiated PDLSCs that had been co-cultured

ate the effect of Notch signaling on myelin formation dur-
ing the differentiation of PDLSCs into SCs. Immunostain-
ing was performed in order to assess myelin formation.
We found that co-culture with DRG under induced differ-
entiation conditions significantly promoted the expression

with DRG. We found that the overexpression of Delta
in PDLSCs promoted the expression of PO and MBP, and
that differentiated cells treated with DAPT showed de-
creased PO and MBP expression (Fig. 3). The RT-PCR re-
sults showed that the expression of myelin-related genes
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Fig. 4. Myelin-related genes in SCS were changed during

the differentiation of PDLSCs to SCs. The expression of SC myelin-
formation-related-genes PMP22, MBP and connexin was analyzed
using RT-PCR

*p < 0.05, **p < 0.01 compared to uPDLSC group; “p < 0.05;
#p < 0.01 compared to the corresponding dPDLSC group;
%p < 0.05, ®p < 0.01 compared to dPDLSC+Delta-Virus group.

(including PM P22, MBP and connexin) were upregulated
in the Delta overexpression group compared with control
group, but downregulated in DAPT-treated cells (Fig. 4).
These results suggest that activation of Notch signaling
promotes myelin formation during the differentiation
of PDLSCs into SCs, while the inhibition of this signal-
ing impairs myelin formation under the differentiation
condition.

Discussion

In recent years, it has been confirmed that the Notch
signaling pathway plays an important role in regulating
the differentiation of adult stem cells into SCs.!! We previ-
ously demonstrated that PDLSCs isolated from beagle dogs
could differentiate into SCs, and that this differentiation,
as well as SC myelination, was interrupted by specific in-
hibition of the Erk1/2 signaling pathway.>

In this study, we demonstrated that Notch signaling was
important in promoting the differentiation of PDLSCs
into SCs. First, we found that protein levels of MYT1L,
SNW1 and ASPN were upregulated when PDLSCs were
cultured in induction media. MYT1L, SNW1 and ASPN
act as coactivators for Notch transcriptional activation,®
indicating that the Notch pathway was activated in the dif-
ferentiation process of PDLSCs into SCs. Next, we found
that inhibition of the Notch pathway in differentiated
cells by treating with a y-secretase inhibitor decreased
the expression of SC-specific markers S100, GFAP and P75.
Meanwhile, the activation of the Notch pathway through
the overexpression of Delta increased the expression
of these markers.
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Notch has complex and extensive regulatory functions
in SCs. In primary SCs isolated from neonatal rats, Notch
activation promotes the generation of SCs, and negatively
regulates SC myelination.!?13 Moreover, in contrast to pri-
mary SCs, Notch signaling has no effect on the neuro-
trophic activity and myelination capability of adipose-
derived stem cells (ASCs) undergoing differentiation into
SCs," indicating that the effect of Notch on gliogenesis
is not universal. On the contrary, we showed that specific
inhibition of the Notch pathway downregulated the expres-
sion of SC myelination-related genes (including P0, MBP,
PMP22, and connexin), whereas activation of the Notch
pathway increased the expression of these genes in DRG
neurons. Our findings raise the possibility that the activa-
tion of Notch signaling in PDLSCs may initiate myelination
by upregulating SC myelination-related genes.

Limitations

There are some limitations of this study. First, differen-
tiation into SCs was only investigated in PDLSCs isolated
from the periodontal ligaments of beagle dogs. The cur-
rent findings need to be validated in primary human cells
and animal models. Second, the Notch signaling pathway
is comprised of a complex network. Many other signal-
ing molecules related to PDLSC differentiation and Notch
signaling remain to be investigated in future researches.

Conclusions

The genes associated with the Notch pathway were
upregulated in differentiated PDLSCs, and the activa-
tion of the Notch pathway through the overexpression
of Delta ligands promoted the differentiation of PDLSCs
into SCs, as well as SC myelination. In contrast, the inhibi-
tion of the Notch pathway by DAPT treatment prevented
the differentiation of PDLSCs into SCs, and also SC my-
elination. Therefore, the Notch signaling pathway appears
to positively regulate the process of PDLSC differentiation
into SCs, and the activation of this signaling is important
in maintaining that differentiation, as well as SC myelina-
tion. These results may improve methods of obtaining pure
SCs from PDLSCs for transplantation use.
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