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Abstract

The Notch signaling pathway is a fundamental regulator of cell fate determination in

homeostasis and regeneration. In this work, we aimed to determine how Notch sig-

naling mediates the interactions between perivascular stem cells and their niches in

human dental mesenchymal tissues, both in homeostatic and regenerative conditions.

By single cell RNA sequencing analysis, we showed that perivascular cells across the

dental pulp and periodontal human tissues all express NOTCH3, and that these cells

are important for the response to traumatic injuries in vivo in a transgenic mouse

model. We further showed that the behavior of perivascular NOTCH3-expressing

stem cells could be modulated by cellular and molecular cues deriving from their

microenvironments. Taken together, the present studies, reinforced by single-cell

analysis, reveal the pivotal importance of Notch signaling in the crosstalk between

perivascular stem cells and their niches in tissue homeostasis and regeneration.
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Significance statement

The present results highlight the importance of Notch signaling in the interaction between mes-

enchymal stem cells (MSCs) and their niches. Endothelial cells in dental tissues express all five

NOTCH ligands and constitute conserved perivascular niches, which can regulate the activation

of NOTCH3-expressing perivascular MSCs. This fundamental information establishes a new con-

ceptual framework that could be the basis for future research focusing towards MSCs-based regen-

erative approaches.

1 | INTRODUCTION

The Notch pathway constitutes a fundamental cell communication

mechanism that enables neighboring cells to adopt different fates and

regulates stem cell function in many organs and tissues such as intestine,

brain, eye, and skin.1-3 Four Notch receptors (ie, Notch1-4) that interact

with five trans-membrane-bound ligands (ie, Jagged1,2; Delta1, Delta-

like3,4) have been identified in vertebrates. Ligand-receptor interactions

trigger the cleavage of the receptor and the subsequent nuclear translo-

cation of its intracellular domain. This leads to the activation of Notch
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downstream genes, which include Hes1, Hes5, Myc, and CCND1.2,4,5

Notch signaling is fundamental in the interactions between stem cells

and their surrounding microenvironment, also called the stem cell niche,

mediating stem cells responses to injury or stress.6-8 Our previous stud-

ies in injured teeth have shown that the Notch pathway plays a role in

regulating the behavior of stem cells in specific niches within the dental

pulp tissue.9-11

The development of the tooth results from sequential and recip-

rocal interactions between cells of the oral epithelium and the cranial

neural crest-derived mesenchyme.12,13 Dental epithelial cells give rise

initially to ameloblasts, which produce the hardest tissue of the

human body that covers the crown of the tooth, the enamel, and then

drive the development of the dental roots and ensure the production

of the root-specific hard matrix, the cementum.14-16 Dental mesen-

chymal cells form two highly vascularized and innervated tissues, the

dental pulp and the periodontium.14,15 The central portion of the

tooth is occupied by the dental pulp, which contains mesenchymal

stem cells (MSCs), named dental pulp stem cells (DPSCs).17,18 DPSCs

are mainly located in perivascular areas, where they closely interact

with endothelial cells.19-21 Indeed, our previous results and studies by

others showed that perivascular cells express Notch receptors and

possess MSCs properties.22-24 Odontoblasts at the borders of the

dental pulp form the dentin, which is another tooth-specific, mineral-

ized tissue supporting the enamel. The periodontium anchors the

tooth to the surrounding alveolar bone and provides tooth stability by

continuously remodeling its extracellular matrix, the periodontal liga-

ment.14 The periodontium, upon root completion, contains peri-

vascular MSCs,18 periodontal stem cells (PDSCs), and an additional

population of epithelial stem cells formed by the root epithelial

remnants.25

All these stem cell populations are multipotent and guarantee

homeostasis and regeneration of dental tissues.26 MSCs behavior is

subject to their crosstalk with elements of their niches and the influ-

ence of molecular cues produced by stromal cells, as well as by physi-

cal factors such as stiffness, topography, and shear stress.27 In vivo

studies aiming at the regeneration of dental tissues were not fully

satisfactory,28-30 mainly due to the limited information that is cur-

rently available concerning the interactions between the various MSC

populations and their corresponding niches.

Our previous studies have shown that Notch signaling constitutes

a fundamental signaling hub throughout tooth development.31-33

More recent studies have demonstrated that in adult teeth, Notch sig-

naling is activated in dental tissues, and more specifically in peri-

vascular regions, upon injury,10,11,34 where it regulates the fate of

MSCs in the dental pulp and the periodontium.33,35,36 The actual role

of Notch signaling in dental tissues homeostasis and regeneration is

however far from being fully understood.

In this work, we investigated the role of Notch signaling in the

interactions of the various dental MSC populations with their respec-

tive niches based on their composition and gene expression patterns

at single-cell resolution. We observed that dental pulp and periodontal

MSCs both express NOTCH3, and that NOTCH ligands expressed by

endothelial cells are conserved, potential perivascular niche-derived

modulators of their behavior. We also showed that NOTCH3 expres-

sion in cultured dental MSCs significantly decreases upon differentia-

tion. Furthermore, we exploited a transgenic mouse model to

characterize the behavior of perivascular Notch3-expressing MSCs in

homeostatic conditions and in response to injuries in vivo. Finally, we

demonstrated the distribution of NOTCH3 in the pulp of human cari-

ous teeth.

2 | MATERIALS AND METHODS

2.1 | Data and code availability

Data can be found at GEO; Access number: GSE161267. All code is

publicly available at: https://github.com/TheMoorLab/Tooth. Single

cell RNA sequencing data are described in detail in Reference 37.

2.2 | Human samples

The procedure for the collection of anonymized healthy and carious

human teeth at the Center of Dental Medicine (ZZM) of the Univer-

sity of Zurich was approved by the Ethic Commission of the Kanton

of Zurich (reference number 2012-0588) and the patients gave their

written informed consent. Samples were obtained in fully anonymized

form from patients of 18 to 35 years of age, according to the cantonal

regulations. The health status of the tooth was determined by dental

thorough examination by specialized dentists. Tissue dissociation and

single cell RNA sequencing was performed as described previously.37

2.3 | Animals

All experiments were performed according to the guidelines of the

Swiss Animal Welfare Law and in compliance with the regulations of

the Cantonal Veterinary Office, Zurich (License for animal experimen-

tation ZH018/17). The animal facility provided standardized housing

conditions, with a mean room temperature of 21�C ± 1�C, relative

humidity of 50% ± 5%, and 15 complete changes of filtered air per

hour (HEPA H 14filter); air pressure was controlled at 50 Pa. The

light/dark cycle in the animal rooms was set to a

12 hours/12 hours cycle (lights on at 07:00, lights off at 19:00) with

artificial light of approximately 40 Lux in the cage. The animals had

unrestricted access to sterilized drinking water, and ad libitum access to

a pelleted and extruded mouse diet in the food hopper (Kliba No. 3436;

Provimi Kliba/Granovit AG, Kaiseraugst, Switzerland). Mice were

housed in a barrier-protected specific pathogen-free unit and were kept

in groups of maximum five adult mice per cage in standard IVC cages

(Allentown Mouse 500; 194 mm � 181 mm � 398 mm, floor area

500 cm2; Allentown, New Jersey) with autoclaved dust-free poplar

bedding (JRS GmbH + Co KG, Rosenberg, Germany). A standard card-

board house (Ketchum Manufacturing, Brockville, Canada) served as a

shelter, and tissue papers were provided as nesting material.
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Additionally, crinklets (SAFE crinklets natural, JRS GmbH + Co KG)

were provided as enrichment and further nesting material. The specific

pathogen-free status of the animals was monitored frequently and con-

firmed according to FELASA guidelines by a sentinel program. The mice

were free of all viral, bacterial, and parasitic pathogens listed in

FELASA recommendations.38 To generate Notch3CreER R26mT/m

mice, we crossed R26mT/mG (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo;

Jax: 007576) mice with Notch3CreER (Notch3tm1.1[cre/ERT2]Sat; MGI:

5304914) mice. The double-fluorescent Cre reporter R26mT/mG mice

constitutively express membrane-targeted tandem dimer Tomato

(mT). Upon Cre recombinase activation, mT is excised and

membrane-targeted green fluorescent protein (mGFP) is expressed.

In the Notch3CreER; R26mT/mG mice, the Cre recombinase activity is

triggered upon exposure to 4-hydroxytamoxifen (4-OHT) solely in

Notch3-expressing cells, leading to the expression of mGFP in these

cells as well as in their progeny. Pain management was ensured via

subcutaneous injection of Temgesic (2 mg/kg body weight) 2 hours

before surgery, followed by postoperatory injections with 6 hours inter-

vals for a period of 24 hours and completed by supplying Temgesic in

drinking water for 3 days postsurgery. We investigated whether Notch3-

expressing cells contribute to pulp homeostasis using the Notch3CreER;

R26mT/mG transgenic mice. 8- to 10-week-oldmicewere injected intraper-

itoneally with 4-OHT (H7904, Sigma-Aldrich, Buchs, Switzerland), dis-

solved in corn oil (100 mg/kg body weight). One day upon 4-OHT

administration, animals were anesthetized by intraperitoneal injection of a

solution consisting of Ketamine (65 mg/kg body weight) and Xylazine

(13 mg/kg body weight) dissolved in 0.9%NaCl. Cavity preparations were

performed at the occlusal part of the upper first molar teeth, accessing the

pulp mesio-buccal horns, using a slow-speed dental drill and a round bur

size 008 (Brassler, USA) irrigated with a saline solution. Upon operation,

direct dental pulp capping was performed with calcium hydroxide (Dycal

Cement, LD Caulk Company, Del) followed by further cavity protection

filling with AH Plus Root canal sealer (Dentsply, DeTrey, Germany). A total

of six treatedmice and nine control micewere analyzed.

2.4 | Processing of human teeth and mouse tissues
for immunofluorescent staining

Human healthy and carious teeth used for histological analysis and

immunostaining were immediately fixed by immersion in paraformalde-

hyde 4% (PFA 4%) for 24 hours, and then decalcified in Morse's solu-

tion for 8 weeks, dehydrated, embedded in paraffin, and serially

sectioned at 5 μm. From a subset of teeth, the dental pulp was immedi-

ately extracted and fixed in PFA 4% for 2 hours. The specimens were

then incubated in Sucrose 30%, embedded in Tissue Tek O.C.T.™

(4583, Sakura, Alphen aan den Rijn, the Netherlands), and serially sec-

tioned at 10 μm. For animal experimentation, mice were anaesthetized

with Ketamine/Xylazine, and sacrificed at 3, 10, and 28 days post-

injection, by intracardiac perfusion with Phosphate Buffer Saline (PBS)

followed by PFA 4%. Thereafter, the heads of the animals were post-

fixed by overnight incubation in PFA 4% at 4�C. Subsequently, speci-

mens were decalcified in 10% Ethylenediamine Tetraacetic Acid

(Titriplex, 1084211000, Merck, Zug, Switzerland) for up to 8 to

10 weeks, dehydrated, embedded in paraffin, and serially sectioned at

5 μm. Sections were then used for further immunofluorescent staining.

2.5 | Immunostaining

Paraffin sections were rehydrated by incubation in Xylol followed by a

series of Ethanol solutions (100% - 30%) and distilled H2O.

Cryosections were let dry at room temperature for 1 hour and then

washed with PBS before immunostaining. Cells used for immunofluo-

rescent staining were first fixed in PFA 4% for 15 minutes at 4�C.

Thereafter, specimens were blocked with PBS supplemented with 2%

fetal bovine serum (FBS) and incubated with primary antibodies for

1 hour at room temperature. The following primary antibodies were

used: Rabbit anti-Thy1/CD90 (1:100; 555595, BD, Eysin, Switzer-

land), biotinylated Rat anti-CD31 (1:200; 553371; BD Biosciences,

San Jose, California), Mouse anti-Vimentin (1:100; M0725, Dako,

Baar, Switzerland), Rabbit, anti-Smooth Muscle Actin (1:100; MS-

113-P0, Thermo Fisher Scientific, Reinach, Switzerland), anti-

Notch3,22 Rabbit anti-GFP (1:100, A-11122, Thermo Fisher Scientific),

Goat anti-GFP (1:100; ab6673, Abcam, Cambridge, UK), Goat anti-

Jagged1 (1:100, AF1277, R&D Systems, Minneapolis, Minnesota),

Rabbit anti-Laminin (1:20; ab11575, Abcam, Cambridge, United King-

dom), Rat anti-Endomucin (1:20, ab106100, Abcam), anti-CD45 (1:50,

103 104, BioLegend, San Diego, California), anti-Fibronectin (1:100,

ab2413, Abcam), anti-MBP (1:200, MAB386, Millipore). The sections

were then incubated with Fluorochrome-conjugated secondary anti-

bodies for 1 hour at room temperature at dark. The following second-

ary antibodies were used: Alexa-568 Donkey anti-Rabbit (1:500;

A10042, Thermo Fisher Scientific), Alexa-488 Chicken anti-Goat

(1:500; A-21467, Thermo Fisher Scientific), Alexa-488 Goat anti-

Rabbit (1:500; A32731, Thermo Fisher Scientific), Alexa-568 Goat

anti-Rat (1:500; A-11077, Thermo Fisher Scientific). DAPI (40 ,6-dia-

midino-2-Phenylindole; D1306, Thermo Fisher Scientific) was then

used for nuclear staining. After immunofluorescent staining, samples

were mounted in ProLong Diamond Antifade Mountant (P36965,

Thermo Fisher Scientific), and imaged with a Leica SP8 Inverted Con-

focal Laser Scanning Microscope (Leica Microsystems- Schweiz AG,

Heerbrugg, Switzerland).

2.6 | Isolation, culture, and differentiation of
human dental pulp MSCs

The dental pulps of healthy teeth were enzymatically digested for 1 hour

at 37�C in a solution of collagenase (3 mg/mL; Life Technologies Europe

BV, Zug ZG, Switzerland) and Dispase (4 mg/mL; Sigma-Aldrich Chemie

GmbH, Buchs SG, Switzerland). A filtered single-cell suspension was

plated in a 40 mm Petri dish with growth medium containing DMEM/F12

(Sigma-Aldrich Chemie GmbH) with 10% FBS (PAN Biotech GmbH,

Aidenbach, Germany), 1% penicillin/streptomycin (P/S) (Sigma-Aldrich

Chemie GmbH), 1% L-glutamine (Sigma-Aldrich Chemie GmbH), and

NOTCH IN PERIVASCULAR NICHES 1435



0.5 μg/mL fungizone (Life Technologies Europe BV) after washing away

the enzyme solution. Cells were passaged at 80% to 90% confluence and

expanded in the same growth medium. The osteogenic differentiation

medium consisted of DMEM supplemented with Ascorbic Acid (200 μM),

β-Glycerolphosphate (10 mM), Dexamethasone (10 nM) (Sigma-Aldrich/

Merck, Darmstadt, Germany), and Amphotericin B 0.25 μg/μL (Thermo

F IGURE 1 Expression of NOTCH3 in the human dental pulp. A, UMAP visualization of color-coded clustering of the dental pulp
(n > 32 000 cells).37 B, Hematoxylin-eosin staining showing the structure of the dental pulp. C-E, Immunohistochemistry against NOTCH3 (red
color) in the human dental pulp showing the localization of NOTCH3 in pericytes. F, Negative control for the NOTCH3 staining. G,
Immunofluorescent staining showing localization of NOTCH3+ (green color) and THY1+ (red color) mesenchymal stem cells (MSCs). Blue
color: DAPI. H, Immunofluorescent staining in the human dental pulp showing NOTCH3 staining in the pericytes (red color) and CD31 staining
in endothelial cells (green color). Blue color: DAPI. I, Surface rendering of the relative localization of NOTCH3+ MSCs (red color) and CD31+

endothelial cells (green color). d, dentin; ec, endothelial cells; o, odontoblasts; p, pulp; v, vessels. Scale bars= B= 300 μm; C and D= 100 μm; E

and F= 50 μm; G= 25 μm; H= 100 μm; I= 25 μm
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Fisher Scientific, Switzerland). The adipogenic differentiationmedium con-

sisted of DMEM (1mL) supplementedwith Dexamethasone (1 μM), IBMX

(0.5 mM), Indomethacin (200 μM), Insulin (10 μM) (Sigma-Aldrich/Merck)

and Amphotericin B 0.25 μg/μL. For chondrogenic differentiation,

5 � 105 cells were pelleted and resuspended in 0.5 mL of StemPro©

chondrogenic differentiation medium (A10071-01, Thermo Fisher Scien-

tific). Cells were cultured for 21 days in osteogenic, adipogenic, and

chondrogenic medium. Cells were collected on day 0 (plating day), 7, 14,

and 21 and used for RNA extraction. An additional set of cellswas cultured

for 21 days, stained (see following paragraph) and examined under a

bright-field microscope. Alizarin Red S staining was performed to identify

extracellular calcium deposits of cells differentiated into osteoblasts. Aliza-

rin Red S powder was dissolved in distilled water, pH 4.2. Cells were

washedwith PBS, fixedwith 4%PFA for 30 minutes, washedwith distilled

water and finally Alizarin Red S staining solution was added to each well

for 45 minutes at room temperature in the dark. Thereafter, wells were

washed with deionized water and then PBS was added. The cells were

viewed under a bright-field microscope, where calcium deposits exhibited

a bright orange-red color. Oil Red O staining was performed to identify

lipids in cells differentiated into adipocytes. A 300 mg of Oil Red O pow-

der was added to 100 mL of 99% isopropanol and then mixed with

deionized water and filtered through a funnel. Cells were washed with

PBS, fixed with 4% PFA for 30 minutes, washed again with deionized

water, 60% isopropanol was added for 2 to 5 minutes and after iso-

propanol aspiration Oil Red O was added for 5 minutes. Thereafter, the

wells were rinsed with tap water, hematoxylin counterstain was per-

formed for 1 minute and cells were rinsed with warm tap water. The cells

were viewed under a bright-field microscope, where lipids exhibited a red

colorwhile the nuclei of cellswere blue.Alcian blue stainingwas performed

on cells pellets subjected to chondrogenic differentiation. Pellets were

washed in PBS, fixed in 4% PFA for 30 minutes at room temperature,

washed in PBS, and embedded in Cryotek. Ten micrometer sections were

cut, stained with 1% Alcian Blue, and counterstained with 0.1% Fast Red.

Cells for gene expression analysis were collected by trypsinization at day

0, 7, 14, and 21, snap-frozen in liquid nitrogen and stored at�80�C. RNA

was isolated with the RNeasy Plus Universal Mini Kit (Qiagen AG,

Hombrechtikon ZH, Switzerland). Reverse transcription of the isolated

RNA was performed using the iScript cDNA synthesis Kit (Bio-Rad

F IGURE 2 Expression of NOTCH3 in the human periodontium. A, UMAP visualization of color-coded clustering of the periodontium
(n > 2800 cells).37 B, Hematoxylin-eosin staining showing the structure of the periodontium. C,D, Immunofluorescent staining showing
localization of NOTCH3+ (green color) and ACTA2+ (red color) mesenchymal stem cells (MSCs). Blue color: DAPI. E, Immunofluorescent staining

showing localization of NOTCH3+ MSCs (red color) and CD31+ endothelial cells (green color). Blue color: DAPI. ab, alveolar bone; c, cementum;
pe, periodontium; rd, root dentin; v, vessels. Scale bars = B = 100 μm; C = 200 μm; D = 50 μm; E = 10 μm
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Laboratories AG, Cressier FR, Switzerland). The three-step quantitative

real-time PCRs were performed using an Eco Real-Time PCR System

(Illumina Inc, San Diego, California). Expression level analysis of S18

(housekeeping gene), ALP,OSX/SP7,DSPP, andNOTCH3were carried out

using the SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad,

California) in combination with oligonucleotide primers. Gene expression

analysis was performed on six independent samples per condition. Sam-

ples were always compared one-vs-one using the Mann-Whitney U/

Wilcoxon rank-sum test (Graph Pad Prism 8.0).

3 | RESULTS

3.1 | Human dental MSCs express NOTCH3

Recently, we performed a thorough single cell RNA sequencing analysis of

the human dental pulp and periodontium.37 We here interrogated this

dataset to determine the expression of NOTCH receptors and ligands in

dental pulp and periodontal MSCs (Figures 1 and 2). In the dental pulp,

MSCs were characterized by the higher expression of NOTCH3 (log-fold

change of 1.24 and adjusted P value <.001, compared to other cell types in

the pulp) (Figure 1A). NOTCH3+ MSCs also expressed the dental MSCs

markers THY1, MYH11, and ACTA2 (Figure 1A).20,37,39 NOTCH3-

expressing MSCs were mainly localized around the vessels, where the

perivascular niches are formed21,22 (Figure 1C-G). Double staining against

Notch3 and the endothelial cell marker CD31, followed by cell surface

analysis, showed that the Notch3-positive MSCs (pericytes) are in direct

contact with the CD31-positive endothelial cells (Figure 1H,I). Similar to

what observed in the dental pulp, MSCs in the periodontium expressed

high levels of NOTCH3 (Figure 2A). NOTCH3-expressing MSCs were par-

ticularly enriched in proximity to the tooth roots (Figure 2B-D) and often

in direct contact with CD31-positive endothelial cells (Figure 2E).

3.2 | Identification of potential NOTCH signaling
activators in MSCs niches

We analyzed the potential interactions between NOTCH ligands and

receptors in cells from different clusters. Activation of the NOTCH

signaling in human MSCs was indicated by the expression of the

NOTCH downstream gene HES1. Expression of HES1 in MSCs was

higher than in non-endothelial cell types in the periodontium and the

dental pulp (logFC = 0.77 and P value <.001). Additionally, periodontal

MSCs showed a higher expression of MYC and CCND1 (logFC = 0.64

F IGURE 3 Analysis of the expression of NOTCH receptors and ligands in mesenchymal stem cells (MSCs) and endothelial cells of human
teeth. A, Dot-plot showing the proportion of cells expressing NOTCH ligands, receptors, and target genes. Light yellow highlights genes of
interest discussed in detail in the text. The size of the circles is proportional to the percentage of cells expressing the indicated genes. Blue circles
represent periodontal cells; red circles represent dental pulp cells. B,C, Feature plots showing expression of Notch ligands in endothelial cells
(green color) in the dental pulp (B) and in the periodontium (C) of human teeth
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and 0.27, respectively, and P values <.001; Figure 3A), which have

been shown to be direct target genes of Notch signaling in specific

cell contexts and inducers of cell proliferation.4,5 Endothelial cells in

both the human dental pulp and periodontal tissues expressed all five

NOTCH ligands JAG1, JAG2, DLL1, DLL3, DLL4, as well as the NOTCH

receptors NOTCH1 and NOTCH4 (Figure 3B,C; dataset). In addition,

we observed expression of JAG2, DLL1, and DLL4 in dental pulp fibro-

blasts, and expression of JAG1 and JAG2 in periodontal fibroblasts

and epithelial cells (Figure 3B,C).

3.3 | NOTCH3 expression is associated with MSCs
stemness in vitro

We further observed that human dental pulp MSCs maintain NOTCH3

expression when cultured in vitro (Figure 4A). Isolated dental pulp

MSCs were multipotent, as they could undergo osteogenic (showed

by Alizarin Red staining; Figure 4B), adipogenic (showed by Oil Red O

staining; Figure 4C), and chondrogenic differentiation (showed by

Alcian Blue staining; Figure 4D). Differentiation was accompanied by

upregulation of differentiation markers, and by the significant

decrease of NOTCH3 expression (Figure 4E, Fc = �0.86; P-value

<.01). The expression of NOTCH3 significantly decreased already

7 days after the onset of differentiation (Figure 4E). These results indi-

cate that NOTCH3 expression is associated with stemness of human

dental MSCs, and that its expression is downregulated early upon

MSCs differentiation.

3.4 | Notch3+ MSCs are involved in tissue
homeostasis in vivo

Based on the identification of NOTCH3 as a general marker for MSCs

in the human dental tissues, we investigated the behavior and fate of

Notch3-expressing populations in vivo in a transgenic mouse model.

We analyzed Notch3-expressing cells, as well as their progeny, in

homeostatic conditions in intact molars of Notch3-CreER; R26mT/mG mice

(Figure 5). Notch3-expressing cells were detected by immunofluores-

cent staining against GFP. Four days after 4-OHT induction, Notch3-

expressing cells in the dental pulp were localized around blood vessels

and in the subodontoblastic layer (Figure 5C,G). In the periodontium,

Notch3-GFP staining was localized in perivascular cells and in cells close

to the dental root (Figure 5C,K), a pattern similar to that already

observed in human tissues (Figure 2C,D). A higher number of Notch3-

GFP cells were found 10 days after 4-OHT induction in both dental

pulp and periodontal tissues, indicating the involvement of the Notch3-

GFP cells in tooth homeostasis (Figure 5D,H,L). Notch3-GFP cells were

still detected in the perivascular areas in both dental pulp and periodon-

tal tissues 28 days 4-OHT postinduction (Figure 5E,I,M).

3.5 | Notch3+ MSCs contribute to tissue
regeneration upon injury in vivo

To determine whether Notch3-expressing MSCs could participate in

dental pulp remodeling upon injury, we first injected 4-OHT to

F IGURE 4 NOTCH3 expression in human dental pulp mesenchymal stem cells (MSCs) in vitro. A, Immunofluorescent staining showing
distribution of NOTCH3 (green color), JAG1 (red color), Phalloidin (white color) and DAPI (blue color) in cultured dental pulp MSCs. B-D,
Staining showing multilineage differentiation potential of human dental pulp MSCs. Differentiation was obtained by culturing human dental
pulp cells in osteogenic, adipogenic, and chondrogenic media for 3 weeks. B, Alizarin Red staining performed on dental pulp MSCs cultured in
osteogenic conditions; C, Oil Red O staining performed on dental pulp MSCs cultured in adipogenic conditions; D, Alcian Blue staining
performed on dental pulp MSCs cultured in chondrogenic conditions. E, Real-time PCR analysis of the expression of NOTCH3 in dental pulp

MSCs undergoing osteogenic/odontoblastic differentiation. F, Real-time PCR analysis of the expression of the osteogenic and odontoblastic
differentiation markers DSPP (Dentin Sialophosphoprotein), ALP (Alkaline Phosphatase), and OSX/SP7 (Osterix) in dental pulp MSCs
undergoing osteogenic/odontoblastic differentiation. **P-value <.01; *P-value <.05. N= 4 for each time point and condition. Error bars
indicate standard deviation. Scale bars= A= 25 μm; B= 100 μm; C= 50 μm; D= 200 μm
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Notch3-CreER; R26mT/mG mice, and the following day we performed

cavity preparations in the first molars (Figure 6A-C), and finally we

analyzed the distribution of Notch3-GFP cells in the dental pulp,

4, 10, and 28 days postsurgery. Injuries linked to tooth cavity prepa-

rations are associated with activation of the various MSCs

populations.10,40 Significant damage of the dental pulp tissue

located under the cavity was visible 4 days after the injury

(Figure 6B). Notch3-GFP+ cells could be already found in pulp

regions underlying the injury (Figure 6D). Ten days post-injury, the

number of Notch3-GFP+ cells increased, with 50% more GFP+ cells

compared to the 4 days postinjured dental pulp and 400% more

GFP+ cells (P < .05) compared to the dental pulp of intact teeth

(Figure 6D,K). At that time, Notch3-GFP+ cells were not found only

in perivascular regions but also in other pulp areas, which spanned

from the cavity site to regions of the dental pulp more distant from

the injury (Figure 6E,G-J). Twenty-eight days postinjury, the total

number of Notch3-GFP+ cells slightly decreased (Figure 6K), with

GFP signal still detected in proximity to the injured dental pulp

region as well as in perivascular sites (Figure 6C,F). To assess the

in vivo differentiation potential of Notch3-expressing MSCs upon

tooth injury, we performed double immunofluorescent staining

against molecules specific for the different dental pulp cell types,

such as DSPP (a marker of dentinogenic and osteogenic cells), Fibro-

nectin (a marker of fibroblasts), CD45 (a general marker for immune

F IGURE 5 Lineage tracing of Notch3-expressing cells and their progeny in intact mouse molars. A, Experimental design for lineage tracing in
homeostatic conditions. B, Hematoxylin-Eosin staining showing the first upper molar tooth. C-E, Immunofluorescent staining showing Notch3-GFP cells
(green color) and endomucin-positive blood vessels (red color) 4 days (C), 10 days (D), and 28 days (E) after 4-OHT induction. F, Hematoxylin-eosin
staining showing the dentin-pulp complex. G-I, Immunofluorescent staining showing Notch3-GFP cells (green color) and endomucin-positive blood
vessels (red color) in the dental pulp 4 days (G), 10 days (H) and 28 days (I) after 4-OHT induction. J, Hematoxylin-Eosin staining showing the structure
of the periodontium. K-M, Immunofluorescent staining showing Notch3-GFP cells (green color) and endomucin-positive blood vessels (red color) in the
periodontium 4 days (K), 10 days (L), and 28 days (M) after 4-OHT induction. ab, alveolar bone; c, cementum; d, dentin; o, odontoblasts; p, pulp; pe,
periodontium; rd, root dentin; v, vessels. Scale bars = B-E = 200 μm; F-M = 50 μm
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cells), and Myelin Basic Protein (MBP, a marker for Schwann cells).

Ten days postinjury, we observed a gradient of Notch3-GFP distri-

bution within the pulp where the highest signal was detected

nearby the injury site and the lowest signal far away in the intact

pulp region (Figure 6G, white arrows and arrowheads). We

detected several cells that were costained with Notch3-GFP and

DSPP adjacent to the lesion area (Figure 6G, white arrows). In

contrast, Notch3-GFP+ cells did not express markers for fibro-

blasts (Figure 6H), immune cells (Figure 6I), and glial cells

(Figure 6J).

F IGURE 6 Legend on next page.
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3.6 | NOTCH3 distribution in the pulp of carious
human teeth

We further analyzed the expression of NOTCH3 in carious human

teeth (Figure 6L-S). In the dentin-pulp complex area underlying the

carious lesion, tertiary dentin was deposited, odontoblasts were

strongly disorganized and blood vessels were significantly dilatated

(Figure 6L-N). We observed that NOTCH3 was more widely distrib-

uted in the pulps of carious teeth (Figure 6O-S) when compared to

the healthy dental pulps (Figure 1C-E). NOTCH3 protein was not

exclusively detected around blood vessels (Figure 6P,Q), but also in

the subodontoblastic cell layer of cells underlying the lesion site

(Figure 6R,S) and sometimes in the odontoblastic processes within

dentinal tubules (Figure 6R).

4 | DISCUSSION

Understanding the mechanisms that mediate the interaction

between stem cells and their niches is of paramount importance for

the development of stem cell-based regenerative therapies. We

showed that MSCs in human dental tissues are characterized by the

expression of NOTCH3, which makes these cells responsive to niche

cells expressing NOTCH ligands. Previous studies have shown that

the expression of NOTCH3 in perivascular MSCs is not limited to

teeth,22,23,41 since its expression has been reported in many other

tissues such as the brain,42 the bone marrow,43 and joints.44 Lineage

tracing experiments in transgenic mice showed that Notch3-

expressing perivascular MSCs cells are important in both dental tis-

sue homeostasis and regeneration. From our data, it appears that

Notch3-GFP cells are relatively quiescent in homeostatic conditions,

at least on a time span of 28 days, while they are moderately active

in the periodontium, a tissue subject to continuous remodeling in

response to various stresses associated with mastication.18,45-48

However, in the injured teeth, Notch3-expressing MSCs are strongly

activated in the dental pulp. Dental injuries can lead to the odonto-

blastic death, thus inducing a regenerative pulp reaction involving

the generation of new odontoblasts (also called odontoblast-like

cells), which are derived from MSCs, are responsible for the forma-

tion of the tertiary dentin, and express dentin sialophosphoprotein

(DSPP), a key component of the dentin matrix.49,50 Indeed, we

observed that, upon tooth injury in mice, Notch3-expressing cells

accumulate close to the injured site and give rise to DSPP-producing

odontoblast-like cells. Conversely, Notch3-expressing MSCs did not

appear to give rise to other dental pulp cell types, such as activated

fibroblasts (marked by the expression of Fn1), immune cells

(CD45+), or Schwann cells (MBP+). Similar results obtained in cari-

ous human teeth, where distribution of the NOTCH3 protein was

correlated with vascular structures and subodontoblastic cells,

which substitute the damaged odontoblasts and differentiate into

odontoblast-like cells. Therefore, Notch3-expressing MSCs are

essentially predisposed to differentiate into hard tissue forming

cells, contributing to the remodeling and healing of the injured pulp-

dentin complex. In our recent work, we showed that the similarity of

MSCs in the dental pulp and the periodontium is counteracted by a

great divergence in the composition of their niches.37 However, pre-

vious studies from other laboratories had identified dental pulp and

periodontal MSCs as divergent cell populations with distinctive

properties.51-53 Therefore, we investigated how tissue-specific

niches could modulate the behavior and fates of similar dental

F IGURE 6 Lineage tracing of Notch3-expressing cells and their progeny in injured mouse molars, and NOTCH3 distribution in the dental pulp
of carious human teeth. A, Experimental design for lineage tracing upon cavity preparation in the first upper molar of transgenic mice. B,
Hematoxylin-eosin staining showing the cavity preparation in the molar. Red lightning marks the area of the cavity preparation. C,
Immunofluorescent staining showing an overview of the distribution of Notch3-GFP (green color) signal in the dental pulp of injured teeth
28 days after cavity preparation (indicated by the red lightning symbol). Red color: endomucin; blue color: DAPI. D, Immunofluorescent staining
showing Notch3-GFP (green color) signal in the region immediately below the cavity, 4 days after injury. Red color: endomucin; blue color:
DAPI. E, Immunofluorescent staining showing Notch3-GFP cells (green color) 10 days after injury. Red color: endomucin; Blue color: DAPI. F,
Immunofluorescent staining showing Notch3-GFP cells (green color) 28 days after injury. Red color: endomucin; Blue color: DAPI. G,
Immunofluorescent staining showing Notch3-GFP cells (green color) and DSPP+ cells (red color) in the injured dental pulp. Arrowheads indicate
Notch3-GFP+ cells; arrows indicate double-positive Notch3-GFP+/DSPP+ cells. White asterisk marks the damaged dental pulp. H,
Immunofluorescent staining showing Notch3-GFP cells (green color) and Fn1+ fibroblasts (red color) in the injured dental pulp. Arrowheads
indicate Notch3-GFP+ cells. White asterisk marks the damaged dental pulp. Blue color: DAPI. I, Immunofluorescent staining showing Notch3-GFP
cells (green color) and CD45-expressing immune cells (red color) in the injured dental pulp. Blue color: DAPI. J, Immunofluorescent staining
showing Notch3-GFP+ cells (green color) and MBP+ Schwann cells (red color) in the injured dental pulp. No MBP+ cells were observed in the
injured pulp. Blue color: DAPI. K, Quantification of Notch3-GFP+ cells in the periodontium, in the healthy dental pulp and in the injured dental
pulp 4 days, 10 days and 28 days 4-OHT postinjection (N = 3 for each time point and condition). L-N, Hematoxylin-eosin staining showing

different areas of the dentin-pulp complex in carious human teeth. L, Overview of the dentin-pulp complex underneath the carious lesion. Notice
the deposition of tertiary dentin, the disorganization of the odontoblasts, and the presence of a rich vascular network. M, Picture showing the
deposition of tertiary dentin beneath the carious lesion site, the disorganized odontoblasts, and a rich layer of subodontoblastic cells. N, Blood
vessels are strongly dilatated in the dental pulp of carious teeth. O-S, Immunohistochemistry against NOTCH3 (red color) in the carious human
dental pulp. O, Overview showing NOTCH3 expression in the dental pulp underneath the carious lesion. P,Q, NOTCH3 is highly expressed by
cells located in proximity of dilatated blood vessels. R,S, NOTCH3 is strongly expressed in the subodontoblastic layer underneath the carious
front. ab, alveolar bone; d, dentin; o, odontoblasts; p, dental pulp; pe, periodontium; so, subodontoblasts; td, tertiary dentin; v, vessels. Scale bars =
B and C = 500 μm; D-F, P-R = 50 μm; G-J = 100 μm; L-N = 400 μm; O = 200 μm; S = 25 μm. *P-value <.05. Error bars in J indicate standard
deviation
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MSCs. Our analysis showed that endothelial cells from the dental

pulp and periodontal tissues expressed the NOTCH1 receptor and all

the NOTCH ligands (JAG1, JAG2, DLL1, DLL3, DLL4; Figure 7). The

expression of the NOTCH3 receptor by perivascular cells, combined

with the high expression of NOTCH ligands by endothelial cells, indi-

cate the existence of a Notch-dependent perivascular MSC niche in

dental tissues, as already suggested in previous studies in injured

rodent teeth.10,22 The crosstalk between endothelial and peri-

vascular cells is a conserved feature within different organs and tis-

sues. Signals originating from endothelial cells have been shown to

direct the fate of perivascular stem cell populations in diverse tis-

sues such as the brain, bone, bone marrow, and liver.54 Among these

signals, Notch ligands expressed by endothelial cells play a primary

role in modulating the activity of MSCs localized within perivascular

niches.6,55,56 NOTCH3 in particular is a primary receptor involved in

the crosstalk between endothelial cells and MSCs. Signals derived

from endothelial cells maintain the quiescence of perivascular neural

stem cells in the brain via Notch3 activation.57 Similarly, endothelial

cells-derived JAG1 is a key modulator of NOTCH3-expressing MSCs

differentiation in the bone marrow.43 Conversely, NOTCH3 activity

in perivascular cells is necessary for the proper maturation of

arteries,58 and mutations affecting NOTCH3 function are associated

with CADASIL, a genetic diseases characterized by degeneration of

small brain capillaries and multiple small infarcts.59 It is therefore

clear that the Notch-mediated crosstalk between endothelial and

perivascular cells possesses bidirectional functions important for

proper vessels formation and the activation of perivascular MSCs.

Relevant differences exist however within the human dental pulp

and periodontal tissues in their cellular and molecular

composition,37 which could represent important cues guiding MSCs

activation in various physiological or pathological stimuli (Figure 7).

Previous in vitro studies support the functional importance of

Notch signaling in human dental MSCs behavior.36,60-62 Indeed, inhibi-

tion of Notch signaling leads to a loss of their stemness,61 while

JAG1-dependent activation of the Notch signaling maintains their

undifferentiated status.36 On the contrary, DLL1-dependent Notch

signaling activation induces MSCs differentiation into odontoblasts.60

The diverse effects exerted by the different Notch ligands highlight

the great importance of this pathway in the interplay between MSCs

and their niches. Divergences in the expression of NOTCH ligands in

the various niches may privilege the differentiation of human MSCs

toward an osteogenic fate in the dental pulp, and a fibroblastic fate in

the periodontium. Previous studies have shown that pharmacological

blockage of Notch signaling in MSCs induces loss of their stemness,

and that Notch signaling activation via Jag1 blocks their differentia-

tion.36 These data point toward the conclusion that inhibition of

Notch signaling facilitates MSCs differentiation. Nevertheless, in vivo

experiments demonstrating the effects of Notch signaling, upon either

its stimulation or inhibition, on dental MSCs behavior are still missing,

and therefore no evidence exists to definitely prove that Notch down-

regulation is required to lead to MSCs differentiation.

In conclusion, the present results highlight the importance of

Notch signaling in the interaction between MSCs and their niches.

Endothelial cells in human dental tissues express all five NOTCH

F IGURE 7 Model showing how Notch signaling is involved in the interactions between mesenchymal stem cells (MSCs) and their niches
in dental tissues. MSCs in the human dental pulp and the periodontium express NOTCH3, are highly similar, and are composed by identical
subpopulations. In both tissues, NOTCH ligands expressed by endothelial cells establish a communication mechanism for NOTCH3-
expressing pericytes. Among the few genes differentially expressed between dental pulp and periodontal MSCs, HES1 and MYC indicate
different activation of Notch signaling and cell cycle. This can be due to the differences in the cellular compositions of the dental pulp and
periodontal microenvironment
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ligands and constitute conserved perivascular niches, which can reg-

ulate the activation of NOTCH3-expressing perivascular MSCs. This

fundamental information establishes a new conceptual framework

that could be the basis for future research focusing toward MSCs-

based regenerative approaches.
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