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Abstract

Chondroitin sulfate proteoglycan (CSPG), one of the major extracellular matrices, plays an important part in organo-
genesis. Its core protein and chondroitin sulfate (CS) chain have a specific biological function. To elucidate the role of
CS in the developmental and healing process of the dental pulp, we performed an experimental tooth replantation in CS
N-acethylgalactosaminyltransferase-1 (T1) gene knockout (KO) mice. We also performed cell proliferation assay and
gRT-PCR analysis for the WT and T1KO primary dental pulp cells using T1-siRNA technique and external CS. During
tooth development, CS was diffusely expressed in the dental papilla, and with dental pulp maturation, CS disappeared
from the differentiated areas, including the odontoblasts. In fully developed molars, CS was restricted to the root apex
region colocalizing with Glil-positive cells. In the healing process after tooth replantation, CD31-positive cells accu-
mulated in the CS-positive stroma in WT molars. In T1KO molars, the appearance of Ki67- and Glil-positive cells in
the dental pulp was significantly fewer than in WT molars in the early healing stage, and collagen I-positive repara-
tive dentin formation was not obvious in T1KO mice. In primary culture experiments, sSiRNA knockdown of T1 gene
significantly suppressed cell proliferation in WT dental pulp cells, and the mRNA expression of cyclin DI and CD31
was significantly upregulated by external CS in T1KO dental pulp cells. These results suggest that CS is involved in the
cell proliferation and functional differentiation of dental pulp constituent cells, including vascular cells, in the healing
process of dental pulp tissue after tooth injury.
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Introduction

Glycosaminoglycans (GAGs), the major carbohydrate com-
ponent of proteoglycans (PGs), play an important part in
controlling cell kinetics in the pathophysiological situations.
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Chondroitin sulfate (CS) is one of the major GAGs containing
N-acetylgalactosamine (GalNAc) and glucuronic acid (GIcA),
and regulates cell behavior by interacting with signaling mol-
ecules, such as Wnts, hedgehog, and fibroblast growth factors
(FGFs) (Nadanaka et al. 2011; Prinz et al. 2014; Mizumoto
et al. 2015). CS is abundantly distributed in the brain and car-
tilage, and is known to inhibit axonal growth and chondro-
cyte apoptosis, whereas heparan sulfate (HS) is composed of
N-acetylglucosamine (GlcNAc) and GIcA, and has many bio-
logical functions, such as axonal growth promotion and angio-
genesis, by modulating the growth factors, such as the trans-
forming growth factor (TGF)- 8 and FGF (Zhang et al. 2019).

During tooth development, PGs abundantly exist in the dental
epithelial and mesenchymal tissues, and modulate tooth mor-
phogenesis and organization (Ida-Yonemochi et al. 2005; Listik
et al. 2019; Randilini et al. 2020). In the dental pulp tissue, a
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chondroitin sulfate proteoglycan (CSPG), versican, is present in
the subodontoblastic region of the rat molar dental pulp (Shibata
et al. 1999, 2002), and the inhibition of CSPG incorporation to
the odontoblasts by B-xyloside disturbs odontoblast differentia-
tion of embryonic mouse molars in vitro (Liu et al. 2017). In
addition, NG2, one of the major CSPGs, is located on the cell
surface of perivascular cells in the dental pulp, and NG2-positive
cells have been shown to differentiate into odontoblasts (Yang
et al. 2019). On the other hand, HS is located along the blood
vessels in the dental pulp (Ida-Yonemochi et al. 2010); a cell
surface HSPG, glypican-1, is known to be associated with early
differentiation of odontoblasts (Murakami Masuda et al. 2010).
Therefore, PGs are essential for odontoblast differentiation in
normal dentinogenesis.

The dental pulp tissue contains a number of cell types,
such as odontoblast-lineage cells, immune cells, neurovascu-
lar cells, and dental pulp stem cells. PGs regulate the dynam-
ics of these cells, and the core protein and GAG chain each
has a biological function for the differentiation and regen-
eration of dental pulp constituent cells. In particular, CS is
known to regulate neurovascular formation, collagen fibrino-
genesis, and stem cell behavior in other organs (Prinz et al.
2014; Wang and Yang 2017; Galindo et al. 2018; Wood et al.
2018), whereas HS works indirectly as the binding reservoir
for soluble signaling factors. Therefore, we speculate that CS
is one of the key molecules that regulate dental pulp organi-
zation in the development and regeneration, differently from
HS. However, there have been no reports that demonstrate the
role of CS in the healing process of the dental pulp compar-
ing with HS.

We have previously proven that CS plays important roles
in connective tissue organization and intramembranous 0ssi-
fication of the craniofacial skeleton using CS N-acetylgalac-
tosaminyltransferase-1 gene knockout (T1KO) mice (Ida-
Yonemochi et al. 2018). CS T1 is a key glycosyltransferase in
CS biosynthesis and exhibits GalNAc transfer activity in both
the initiation and elongation processes (Uyama et al. 2002;
Uyama et al. 2003; Igarashi et al. 2018). In the T1KO mice,
the amount of CS was reduced into half compared with wild-
type mice (Watanabe et al. 2010). The cartilage of long bone
was small with abnormal aggregation of type II collagen
fibers (Watanabe et al. 2010), and axonal growth was pro-
moted after the spinal cord injury in T1KO mice (Takeuchi
et al. 2013). In the craniofacial region, the shape of the skull
changed due to impaired intramembranous ossification and
cartilage deformation (Ida-Yonemochi et al. 2018); however,
tooth morphogenesis in T1KO mice has not been studied yet.

In this study, we examined the role of CS in normal tooth
morphogenesis and healing process by focusing on the den-
tal pulp organization in T1KO mice. We demonstrated that
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the CS chain was involved in cell proliferation and angiogen-
esis in the healing process of dental pulp, and supports the
functional differentiation of odontoblast and dentin forma-
tion during odontogenesis.

Materials and methods
Mice

All the animal experiments were conducted in compliance
with the protocol, which was reviewed by the Institutional
Animal Care and Use Committee, and were approved by
the President of Niigata University (Permit Number: #28
Niigata Univ. Res. 42-9). Csgalnactl (ID: 234356) knock-
out (T1KO) mice were derived from the C57BL/6 N strain,
and were genotyped and maintained as described previously
(Watanabe et al. 2010). Homozygous mutant mice and con-
trol mice were obtained by crossing heterozygous pairs. To
examine the changes in the tooth morphogenesis in T1IKO
mice, embryonic days 15.5 and 18.5, and postnatal days 1,
7,28, and 26 weeks of WT and T1KO mice were used (WT:
n=26, TIKO: n=26).

Tooth replantation experiment

The upper right and left first molars of three-week-old
WT and T1KO mice were extracted with a pair of den-
tal tweezers and then repositioned in its original socket
immediately (Saito and Ohshima 2017). This procedure
was performed under deep anesthesia, which consisted of
an intraperitoneal injection of chloral hydrate (maximum
dose of 350 mg/kg). The alveolar sockets were not treated
after extractions, and no additional treatments, such as the
fixation of teeth or relief of occlusion, were performed fol-
lowing tooth replantation. After 3, 5, 7, and 14 days, the
mice were fixed as described below (WT: n=12, T1KO:
n=12).

Histology

The mice were perfused with physiological saline, followed
by 4% paraformaldehyde in a 0.1 M phosphate buffer (pH
7.4). The maxillae were removed en bloc and decalcified in a
10% ethylenediamine tetraacetic acid disodium salt (EDTA-
Na,) solution for two weeks at 4 °C. Then, the samples were
embedded into paraffin, and serial sections (4 um) were cut,
stained with hematoxylin and eosin (HE), azocarmine and
aniline blue (Azan), and processed for immunohistochem-
istry using the antibodies described below.
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Immunohistochemistry

Immunohistochemistry was performed according to
our previous report (Ida-Yonemochi et al. 2016) with
a mouse anti-chondroitin sulfate A (CS-A) monoclonal
antibody diluted to 1:500 (Seikagaku biobusiness corp.
Tokyo, Japan; catalog number: 370710), a mouse anti-
chondroitin sulfate monoclonal antibody diluted to 1:400
(clone CS-56, Sigma-Aldrich Co., St. Louis, MO, USA;
catalog number: SAB4200696), a mouse anti-HS mono-
clonal antibody diluted to 1:100 (Seikagaku biobusiness
corp.; catalog number: 370255), a mouse anti-nestin
monoclonal antibody diluted to 1:100 (EMD Millipore,
Billerica, MA, USA; catalog number: MAB353), a rab-
bit anti-versican monoclonal antibody diluted to 1:100
(Abcam, Cambridge, UK; catalog number: 177480), rab-
bit anti-aggrecan polyclonal antibody diluted to 1:100
(Abcam; catalog number: 36861), rabbit anti-Glil poly-
clonal antibody diluted to 1:500 (Novus Biologicals, Lit-
tleton, CO, USA; catalog number: NBP1-78,259), rabbit
anti-collagen type I polyclonal antibody diluted to 1:250
(Abcam; catalog number ab21286), rabbit anti-PGP9.5
polyclonal antibody diluted to 1:2500 (Proteintech Japan,
Tokyo, Japan; catalog number: 14730-1-AP), rat anti-
CD31 monoclonal antibody diluted to 1:50 (BD Pharmin-
gen, USA; catalog number: 553370), and rat anti-Ki67
monoclonal antibody diluted to 1:100 (Dako, Glostrup,
Denmark; catalog number: M7249). The antigens were
exposed by autoclaving the samples in citric acid buffer
(pH 6.0) at 121 °C for 5 min for Glil and Ki67, 0.1%
trypsin (Sigma) in 0.01 M Tris—HCl at 37 °C for 15 min
for CD31 or 3 mg/mL bovine testicular hyaluronidase
(type I-S, 440 U/mg, Sigma) in PBS for 30 min at 37°C
for HS, versican and aggrecan. Then, the sections were
treated with 0.3% hydrogen peroxide in methanol for
30 min at room temperature to block endogenous per-
oxidase activity. Next, the samples were incubated over-
night at 4°C with primary antibodies diluted in T-PBS.
The Envision detection system (peroxidase/DAB, rabbit/
mouse) (Dako Japan; catalog number: K5027) or the avi-
din—biotin peroxidase complex (ABC) (Vectastain ABC
kit; Vector Laboratories, Burlingame, CA, USA) method
using biotinylated anti-rat IgG (Vector Laboratories; cat-
alog number: BA-4000) diluted to 1:100 or anti-rabbit
IgG (Vector Laboratory; BA-1000) diluted to 1:200 was
used. To visualize the reaction products, the sections
were treated with 0.02% 3,3'-diaminobenzidine (Dohjin
Laboratories, Kumamoto, Japan) in 0.05 M Tris—HCl
buffer (pH 7.4) containing 0.005% hydrogen perox-
ide and were counterstained with hematoxylin. For the

negative control staining, the primary antibodies were
replaced with PBS, showing no specific immunoreaction.

For double immunofluorescent staining, the paraffin sec-
tions were treated with Texas Red-conjugated anti-mouse
IgG +IgM (diluted to 1:500; Rockland, Gilbertsville, PA,
USA), FITC-conjugated anti-rabbit IgG (diluted to 1:500;
Vector Laboratories, Burlingame, CA, USA), or FITC-
conjugated streptavidin (diluted to 1:250; Vector Labora-
tories). The stained sections were analyzed with a confo-
cal laser scanning microscope (FV300, Olympus, Tokyo,
Japan).

Analysis using Image J software on the tissue
sections

The thickness of predentin matrix in WT and T1KO
molars was measured on the tissue sections by Image J
software (National Institute of Health, Bethesda, MD,
USA). Each three HE-stained sections of frontal plane
crossing the center of maxillary first molars were taken
photographs with the scale on the microscope. The thick-
ness of predentin in the crown was measured in three
areas from each photograph by straight line tool of Image
J (Fig. Sla), and their average length was used for sta-
tistical analysis. The straight line tool of Image J was set
along the dentinal tubules. For measurement of collagen
1-positive area in predentin, we measured the whole pre-
dentin area in the sections of frontal plane crossing the
center of maxillary first molars. The area selection tool
of Image J was used in the collagen [-immunostained
sections (Fig. S1b). In addition, the nestin- and collagen
1-positive perimeters in the whole internal surface of
predentin were measured with the freehand tool of Image
J (Fig. Slc).

Analysis by electron probe micro analyzer (EPMA)

Sagittal-cutting mandibular incisors and molars were ana-
lyzed by EPMA (EPMA-8705, Shimadzu, Kyoto, Japan)
to detect chemical elements. The mandibles were fixed
with 4% PFA, rinsed with 0.1 M cacodylate buffer (pH
7.4), dehydrated with an ascending series of acetone, and
embedded in Epon 812 (Taab, Berkshire, UK). The sam-
ples were ground down to detect calcium, magnesium,
and phosphorus by EPMA (EPMA-8705, Shimadzu,
Kyoto, Japan). The common voltage and electrical cur-
rent settings were 15.0 kV and 0.025 pA, respectively. The
obtained data of the point measurements were transferred
into various colors according to the concentration of the
mineral.
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Table 1 The primers used for

o . Molecule Primer sequence Amplicon size Entrez Gene ID

quantitative real-time PCR

analysis B-actin
Forward 5'- GTGGGAATGGGTCAGAAGGA -3' 120 bp NM 007,393
Reverse 5'- CTTCTCCATGTCGTCCCAGT -3'
Nanog
Forward 5'- TGTGTGCACTCAAGGACAGGTT -3' 85 bp AY278951
Reverse 5'- TCAGGTTCAGAATGGAGGAGAGTT -3'
Nestin
Forward 5'- GACCAGGTGCTTGAGAGACT -3' 140 bp BC062893
Reverse 5'- ACCTGGTCCTCTGCTTCTTC -3'
CyclinD1
Forward 5'- GCGTACCCTGACACCAATCT -3' 329 bp NM 007,631
Reverse 5'- CACAACTTCTCGGCAGTCAA -3'
Collagen 1
Forward 5'- CACCCTCAAGAGCCTGAGTC -3' 253 bp NM 007,742
Reverse 5'- GTTCGGGCTGATGTACCAGT -3'
Integrin f31
Forward 5'- GCCAGGGCTGGTTATACAGA -3' 226 bp MNO010578.1
Reverse 5'- TCACAATGGCACACAGGTTT -3'
CD31
Forward 5'- AGTCAGAGTCTTCCTTGCCC -3' 125 bp NM 008,816
Reverse 5'- TCTGTTTGGCCTTGGCTTTC -3'
PGP9.5
Forward 5'- CACAGCTGTCTTCTTGCGTT -3' 120 bp NM 011,670
Reverse 5'- AGCAAGGTACGAGACACACA -3'

Primary culture of dental pulp cells

The mandibular first molars of 3-week-old WT and T1KO
mice were dissected, and the dental pulp tissues were sepa-
rated manually under a stereomicroscope. They were incu-
bated with 2% collagenase/a-MEM solution for 30 min at
37 C to dissociate the dental pulp cells. The suspended
dental pulp cells were plated into 35-mm plastic dishes
in 2 ml of a-MEM (Gibco BRL, Grand Island, NY, USA)
with 10% fetal bovine serum and 1% penicillin—streptomy-
cin. They were incubated at 37°C under a humidified 5%
CO2/95% air atmosphere. When the cells became conflu-
ent, they were split again and used for the experiments
described below.

Small interfering RNA experiment

Small interfering RNA (siRNA) transfection to primary
dental pulp cells was performed using Lipofectamine ™
RNAiIMAX (Invitrogen). Control siRNA (20 nM, sc-37007,
Santa Cruz,) or T siRNA (20 nM, GCAAUCAAAGGC
UAUGAAUGA) was applied to the cells for 48 h.
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Cell proliferation assay

The cells were plated in 96-well plates at a density of
2x 10? cells/well. To each well, 10 pL of the Cell Count-
ing Kit-8 (CCK-8, Dohjin Laboratories, Kumamoto, Japan)

Fig.1 Expression of CS and HS during mouse molar development. Immu-»
nohistochemical staining for CS-A and HS in the maxillary first molar at
E13.5 (a, d), E15.5 (b, ), E18.5 (c, ), P3 (g, j), and P28 (h, i, k, I). Dou-
ble immunofluorescent staining of CS-A/Glil (m), CS-A/PGP9.5 (n), and
CS-A/CD31 (o) (a) CS is not obvious in the dental mesenchyme at E13.5.
(b, ©) After E15.5, CS is strongly expressed in the dental papilla. (d) HS is
strongly localized in the condensed dental mesenchymal tissue at E13.5. (e,
f) HS dramatically disappears from the dental papilla, and is restricted in
the basement membrane. (g) CS disappears from the dental pulp with mat-
uration and remained in the subodontoblastic layer at P3. (h) At P28, CS is
strongly immunolocalized only in the apex region of tooth root. (i) Higher
magnification of the boxed area in h. (j) HS is restricted in the substratum
area of mature odontoblasts at P3. (k) At P28, HS is diffusely immunopo-
sitive in the whole dental pulp. (I) Higher magnification of the boxed area
in k. (m) Glil-positive cells (green) are densely localized in CS-positive
area (red). (m) PGP9.5-positive neurons (green) are colocalized with CS.
(o) CD31-positive vessels (green) are present along with the CS-positive
matrix. dp; dental pulp. Bars, 100 pm (a—c, i); 250 pm (g); 500 pm (h)
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was added, and the plate was incubated for 4 h. The absorb- Corp., Wisconsin, USA) at a wavelength of 450 nm. The
ance value was measured by a GloMax system (Promega  experiment was repeated three times to confirm the results.

@ Springer



138 Cell and Tissue Research (2022) 388:133-148

Day 34, CS-A (red)y/Gif, ¢

- L'
s

@ Springer



Cell and Tissue Research (2022) 388:133-148

139

«Fig.2 Changes in CS/HS distribution in the healing process of den-
tal pulp tissue. HE (a, d, j, m, p) and immunohistochemical staining
for CS-A (b, e, k, n, q) and HS (c, f, 1, o, r). (a, b) CS-A is weakly
immunopositive in the whole dental pulp, and the strong immunore-
activity of CS is observed in the apical papilla after three days. (c)
HS shows the opposite expression pattern of CS, surrounding the CS-
positive apical papilla. (d—f) Higher magnification of the boxed area
in a—c. (g) Glil-positive cells (green) are located beside the dense
CS-positive area (red) in the root apex after three days. (h) CD31-
positive cells colocalize with CS (arrows). (i) Tubularly formed ves-
sels are colocalized with HS, not CS (arrows). (j—0) The immuno-
positivity of CS and HS is enhanced in the whole dental pulp tissue
after seven days, and the strong immunoreaction of CS shifts from the
apical papilla to the crown side, as indicated by arrow (n). (m, n, o)
Higher magnification of the boxed area in j-1. (p-r) At day 14, the
distribution of CS and HS is the same as that of normally developed
molar shown in Fig. 1. CS is restricted in the apex region of the root
pulp (q). dp, dental pulp. Bars, 500 pm (a, j, p); 100 pm (d, m)

Quantitative real-time PCR analysis

The cells were plated in 12-well plates with or without
CS-A coat (50 pg/mL, Sigma, catalog number: C9819) at a
density of 1 x 10* cells/well. After 48 h, the total RNA was
isolated using the Trizol system (Invitrogen, Carlsbad, CA,
USA). cDNA was synthesized using the Prime Script 1st
strand cDNA Synthesis Kit (Takara, Otsu, Japan). Real-
time PCR was performed using SYBR1 Premix Ex Taq II
(Takara) and oligonucleotide primers specific for the target
sequences (Table 1) on a Thermal Cycler Dice (Takara).
The amplification conditions were as follows: 30 s at 95 °C;
50 cycles of 95 °C for 5 s, and 60 ‘C for 30 s; dissociation
for 15 s at 95 °C; and 30 s at 60 °C. The relative gene expres-
sion levels were calculated relative to the levels of -actin
mRNA using the 2nd Derivative Maximum (2-AACt)
method. The experiment was repeated three times to con-
firm the results.

Statistical analysis

All data are presented as the means and standard errors of
each group. StatPlus for Mac (AnalystSoft Inc., Vancouver,
BC, Canada) was used to perform the statistical analyses.
Student's ¢ test assuming equal variances was used for single
comparison.

Results

Contrasting expression of CS and HS in dental
mesenchyme during tooth development

To demonstrate the expression patterns of CS compared
with HS in dental pulp development, we observed the
first maxillary molar at different developmental stages.

Throughout all developmental stages, the opposite expres-
sion between CS and HS was observed (Fig. 1). To detect
CS expression, we used two kinds of antibodies, CS-A
(clone: 2H6) and CS (clone: CS-56), and they showed
nearly the same staining patterns (Figs. 1, S2). At embry-
onic day 13.5 (E13.5), CS was not obvious in the dental
mesenchyme (Figs. 1a, S2a), while HS was strongly local-
ized in the condensed dental mesenchymal tissue (Fig. 1d).
After E15.5, CS was diffusely expressed in the dental
papilla and dental follicular tissue (Figs. 1b, S2d), and it
was strongly detected beneath the basement membrane fac-
ing to the inner enamel epithelium at E18.5 (Figs. 1c, S2g).
On the other hand, HS dramatically disappeared from dental
papilla, and it was restricted in the basement membrane at
E15.5 and E18.5 (Fig. le, f).

With the maturation of dental pulp tissue, CS disap-
peared from the majority of dental pulp and remained in
the subodontoblastic layer at P3 (Figs. 1g, S2j). In con-
trast, HS reappeared in the dental pulp and was restricted
in the substratum area of mature odontoblasts (Fig. 1j).
In the fully developed molar at P28, CS was strongly
immunolocalized in the apex region of the tooth root
and the periodontal ligament, although it was completely
disappeared from the coronal pulp (Figs. 1h, i, S2m, p).
On the other hand, HS was diffusely immunopositive in
the dental pulp of both tooth crown and root (Fig. 1k,
1). To examine the relationship between CS and stem
cell/nerve/blood vessel distributions in the dental pulp,
we performed double immunofluorescent staining for
their specific markers. Glil-positive cells were densely
localized in the CS-positive area (arrows, Fig. Im), and
PGP9.5-positive neurons were colocalized with CS in the
root apex area (Fig. 1n). CD31-positive vessels were pre-
sent along with CS-positive matrix (arrows, Fig. 10). To
compare the expression of CS chain with its core protein,
we performed immunostaining for versican and aggrecan
together with CS (Fig. S2). Versican core protein coex-
isted with CS in the dental pulp, not aggrecan (Fig. S2b,
e, h, k, n, q). Aggrecan appeared in the apical papilla
region and periodontal ligament of developed molars
(Fig. S2o0, r). The results of negative control staining are
shown in Fig. S3.

Changes in CS/HS distribution in the healing process
of dental pulp

To observe the healing process of dental pulp, we per-
formed tooth replantation experiment of maxillary first
molar in 3-week-old mice. Three days after replantation,
CS was weakly immunopositive in the whole dental pulp
(Figs. 2a, b, S4a), and the strong immunoreactivity of
CS was observed in the apical papilla (Figs. 2d, e, S4d).
HS showed the opposite expression pattern with CS,
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«Fig. 3 Developmental features of maxillary molars in T1KO mice.
HE (a, b, d, e, g, i, h, j), immunohistochemical staining for CS-A
(c, f, k, 1) and collagen type I (m, n). EPMA analysis of the man-
dible (q-r’’’). (a—f) Histologically, there are no obvious differences
in the early molar morphogenesis between WT and T1KO mice. The
expression of CS is less in TIKO dental pulp than WT dental pulp (c,
f). (g—o) The predentin is thin and irregular in the TIKO molars of
adult mice (arrows in g, h). (m, n, p) The deposition of collagen 1 in
the predentin significantly reduces in TIKO molars (arrows in m, n).
(q, q’) Backscattered electron image of the mandible at P28. (r-r’”’)
The amounts of Ca and P tend to decrease in the T1KO molars. n=4
for each, Student's # test (o0, p). Bars, 250 pm (a, d); 500 pm (b, e);
50 pm (g-j)

surrounding the CS-positive apical papilla (Fig. 2c, f).
To confirm the effect of CS on stem cell movement and
angiogenesis in the dental pulp, we performed double
immunofluorescent staining using their specific mark-
ers. Glil-positive proliferating cells were located beside
the dense CS-positive area in the root apex after three

WT

——

Day 3 T1KO,

Day5 WT

m A

Fig.4 Expression of CS in the healing process of dental pulp tissue
in WT and T1KO molars. Immunohistochemical staining for CS-A in
WT (a-h) and T1KO (i-p) maxillary first molars in the healing pro-
cess of dental pulp. (e-h, m—p) Higher magnification of the boxed

days (Fig. 2g). Although CD31-positive cells colocal-
ized with CS (arrows, Fig. 2h), tubularly formed vessels
were colocalized with HS, not CS (arrows, Fig. 2i). At
day 7, the immunopositivity of CS and HS was enhanced
in the whole dental pulp tissue (Fig. 2j-1), and the strong
immunoreaction of CS shifted from the apical papilla
to the crown side, as indicated by arrows (Figs. 2m-o,
S4g, j). At day 14, the immunolocalization of CS and
HS was the same as that of normally developed molar
as shown in Fig. 1 (Fig. 2p-r). CS was restricted in the
apex region of the tooth root and periodontal ligament
(Figs. 2q, S4m) as shown in Fig. 1h. Versican core pro-
tein colocalized with CS in the dental pulp just the same
as normal odontogenesis shown in Fig. S2 (Fig. S4).
Although aggrecan was not present in the dental pulp
at day 3 (Fig. S4c, f) differing from CS and versican, it
appeared in the dental pulp as well as periodontal liga-
ment at day 7 (Fig. S4i, 1). The results of negative control
staining are shown in Fig. S5.

. Day7 WT Day 14

s
&

h

Day 14

~ Day7 TIKO

0 S AN D

area in a—d, i-1. The expression of CS-A was less in TIKO dental
pulp (i-p) comparing with WT (a-h) in the pulpal healing process
(n=3 for each). Bars, 500 pm (a, i); 100 pm (e, m)
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«Fig.5 Pulpal healing process after tooth replantation in T1KO mice.
HE (a, c, e, g, i, k) and immunohistochemical staining for Ki67 (b,
d, f, h, j, 1) and Glil (n, n’). (a-1) Histologically, the pulpal healing
of TIKO molars is similar to that of WT molars until day 14. Cell
proliferation is active in the dental pulp especially in the perivascular
lesion at days 3 and 5 in WT (b, f). However, the appearance of Ki67-
positive cells in the TIKO dental pulp is few (d, h, 1). (m, m’) The
ratio of Ki67-positive cells is significantly fewer than in WT at day 5.
(n—0) Glil-positive cells are also significantly fewer in the root apex
region of TIKO dental pulp than in WT at day 7. (p) The number
of apoptotic cells is not different between WT and T1KO dental pulp
cells. n=3-6 for each, Student's ¢ test (m, o, p). Bars, 500 pm (a, c);
50 pm (b, d, n’)

Developmental features of maxillary molars in TIKO
mice

To examine the influence of CS reduction on tooth forma-
tion, we analyzed the chronological changes in maxillary first
molar development in T1KO mice. During embryonic and
early postnatal stages, there were no obvious differences in
tooth morphogenesis between WT and T1KO mice (Fig. 3a,
d). At day 28, the shape and size of molars were almost the
same with WT and T1KO mice (Fig. 3b, e), although the
expression of CS was obviously decreased in TIKO mice
than WT mice (Fig. 3c, f). The predentin matrix was thin and
irregular in TIKO molars comparing with that of WT molar
in adult mice as indicated with arrows (Fig. 3g—0). The depo-
sition of collagen type I in the predentin significantly reduced
in T1KO molars (arrows, Fig. 3m, n, p). To observe the influ-
ence of dentin calcification on T1KO mice, we checked the
mineral density of their mandibular molars using EPMA. We
analyzed the exactly same sagittal plane of mandible in WT
and T1KO mice (Fig. 3q, q’), and the amounts of Ca and P
tended to decrease in the T1KO molars (Fig. 3r-r""").

Reduced cell proliferation in the pulpal healing
process in TTKO mice

In the normal developmental and healing process of the den-
tal pulp, CS was strongly immunolocalized in the immature
dental papilla/pulp tissues, and was dramatically disappeared
with maturation (Figs. 1 and 2). Therefore, we hypothesized
that CS might support the differentiation of dental pulp cells
and maintain the undifferentiated state of the dental pulp
stem cells. To elucidate the role of CS in the healing pro-
cess of dental pulp, we performed tooth replantation experi-
ment using T1KO mice. Histologically, the pulpal healing of
T1KO molars was similar to that of WT molars until day 14
(Figs. 4a—d, i-1, 5a, c, e, g, i, k), although the expression of
CS was less in T1KO dental pulp (Fig. 4i—p) comparing with
WT (Fig. 4a-h) in the pulpal healing process. We confirmed
the immunoreactivity of CS using 3 samples for each condi-
tion, and the results were almost the same with Fig. 4. In the
WT molars, cell proliferation was active in the dental pulp,

especially in the perivascular lesion at days 3 and 5 (Fig. 5b, f,
7). However, the appearance of Ki67-positive cells in the root
apex and crown region of TIKO dental pulp was significantly
fewer than in WT at day 5 (Fig. 5d, h, I, m, m’). In addition,
Glil-positive cells were significantly fewer in the root apex
region of T1KO dental pulp than in WT at day 7 (Fig. 5n, n’,
0). Between WT and T1KO dental pulp cells, the number of
apoptotic cells was not different (Fig. 5p). Next, we checked
the odontoblast-like cell differentiation and reparative den-
tin formation in the healing process. After 7 days of tooth
replantation, a few nestin-positive odontoblast-like cells were
observed in root area of WT and T1KO molars (Fig. 6a, b),
and collagen I-positive reparative dentin was not seen at day
7 (Fig. 6c, d). After 14 days, the differentiation of nestin-
positive odontoblast-like cells was observed in both WT and
T1KO molars (Fig. 6e, f, i), but the deposition of collagen I in
reparative dentin was not obvious in T1KO molars (Fig. 6g, h,
J)- The reparative dentin matrix was more irregular in TIKO
mice than in WT molar (Fig. 6k, k’), and the thickness of
reparative dentin, which was bound by osteopontin-positive
line, tended to diminish in TIKO molars (Fig. 6k’’, k’”’, 1).

Effect of T1 gene knockdown and extracellular CS
on dental pulp cells in vitro

To confirm the effect of absence or presence of CS on dental
pulp cells, we performed primary cell culture experiment of
WT and T1KO dental pulp cells using T1-siRNA technique
or recombinant CS-A. Based on the CCK-8 assay, T1 gene
knockdown significantly inhibited cell proliferation of WT
dental pulp cells (Fig. 7a). Next, we confirmed the effect of
extracellular CS on dental pulp cells. We used T1KO pri-
mary dental pulp cells due to exclude the effect of internal
CS. The mRNA expression of cell proliferation marker, cyc-
lin D1, and endothelial cell marker, CD31, was significantly
upregulated by extracellular CS in the T1KO cells (Fig. 7b).
The stem cell marker, nanog, and odontoblast differentiation
markers, such as nestin, DSPP, and collagen 1, were not
changed by CS-A for 48 h.

Discussion

This study demonstrated the expression profile of CS in the
dental pulp of mouse molars comparing with HS. The role
of CS in the healing process of the dental pulp was examined
by tooth replantation experiment in T1KO molars. This is
the first report to show that CS localizes in the apical papilla
region of developed molars, and regulates the proliferation
of dental pulp cells and the functional differentiation of
odontoblasts in the healing process of the dental pulp.

The extracellular matrix of the dental pulp mainly consists
of collagen type I and CSPG, such as versican and biglycan
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«Fig. 6 Odontoblast differentiation and reparative dentin formation in
the pulpal healing process in TIKO molars. Immunohistochemical
staining for nestin (a, b, e, f), collagen I (c, d, g, h), and osteopon-
tin (k) at days 7 and 14 after tooth replantation, and azan staining (k,
k') in WT and T1KO molars. (a, b) A few nestin-positive cells are
observed in the root area of TIKO molars. (¢, d) Collagen I-positive
reparative dentin is not seen at day 7. (e, f, i) Nestin-positive odonto-
blasts are observed in the perimeter of dentin in WT and T1KO
molars at day 14. (g, h) The deposition of collagen I-positive newly
formed matrix is not observed in T1KO molars. (j) The ratio of col-
lagen I-positive perimeters on the surface of reparative dentin is sig-
nificantly lower in the T1KO mice at day 14. (k-1) The reparative den-
tin matrix is irregular, and the thickness of reparative dentin, which
is bound by osteopontin-positive line, tended to diminish in TIKO
molars. n=4-6 for each (i), n=3-4 for each (j), n=4 for each (1),
Student's ¢ test. dp, dental pulp; d, dentin; rd, reparative dentin. Bars,
100 pm (a, b); 25 pm (square in a, b); 50 pm (k-k’”’)

(Shibata et al. 1999; Listik et al. 2019), maintains tissue
homeostasis, and regulates cell kinetics responding to the
external stimuli of the dental pulp. A variety of cells exist
in the dental pulp, and they are distributed heterogeneously
within the pulp tissue. In the human dental pulp, several
kinds of stem cells have been isolated such as dental pulp
stem cells (DPSCs) (Sui et al. 2020) and stem cells from api-
cal papilla (SCAP) (Sonoyama et al. 2006). They have differ-
ent characteristics in cell surface markers and differentiation
capacities (Lei et al. 2021). In this study, we demonstrated
that CS continued to condense in the apical papilla region of
fully developed molars, different from HS, and Glil-positive
cells were densely located in the CS-positive area (Fig. 1). In
the neural stem cells, CS is reported to maintain stem cells in
the neural precursor state (Canning et al. 2016) and impair
neural stem cell migration (Galindo et al. 2018). In addition,
CS is thought to be a potential modulator of the stem cell
niche in the cornea (Ashworth et al. 2020). Therefore, it is
speculated that the periapical CS might maintain SCAP as
the stem cell niche.

During tooth development, the distribution of CS dra-
matically changed within the dental papilla/pulp tissue, dif-
fering from HS. CS was immunolocalized in the immature
dental papilla stroma throughout the developmental stages,
and gradually disappeared from differentiated area of coro-
nal pulp (Fig. 1). These changes were also observed in the
pulpal healing process after tooth replantation (Fig. 2).
Interestingly, CS was temporarily condensed in the subo-
dontoblastic layer at the timing of full odontoblast differ-
entiation (Fig. 1g), which was the same as the versican
core protein (Shibata et al. 2002). Subodontoblastic region
contains odontoblast progenitor cells with nerve and capil-
lary network (Khadiza et al. 2019). Recent studies demon-
strate that the subodontoblastic cell population may differ
from odontoblasts in their origin (Nakatomi et al. 2018).
Therefore, CS chain might support the differentiation of

odontoblast-lineage cells and neurovascular structure coop-
erating with growth factors. In the process of neuronal
polarization, CS and HS are known to distribute differently
and they play opposite functions through regulation of extra-
cellular matrix molecules (Nishimura et al. 2010). As CS
stabilizes the growth of axons and HS destabilizes it in an
opposing manner (Nishimura et al. 2010), it is speculated
that the opposite expression between CS and HS may con-
tribute neurovascular construction in the dental pulp.

In the present study, the immunolocalization of CS is
basically the same as versican in the dental pulp. Aggrecan
is not obvious in the early stages of developmental and heal-
ing process of the dental pulp, but it appears in the apical
papilla region and periodontal ligament of developed molars
and late stage of pulpal healing. Although the presence of
aggrecan in the dental tissue has not been reported yet, we
speculate that aggrecan might associate with the maturation
of apical papilla and periodontal ligament. Further analyses
of the altered expression of CSPG core protein will lead a
deeper understanding of the role of CS in the dental pulp.

In the T1KO molars, collagen type I-positive predentin
formation was poor, although nestin-positive morphologi-
cal differentiation was occurred in the odontoblasts during
the development and healing process (Figs. 3m, n, 6a—h).
Regarding the cause of thinning and irregularity of collagen
I-positive predentin matrix in the T1KO molars, the func-
tional maturation of odontoblasts to synthesize collagen I
might not be fully occur in the absence of CS. We previ-
ously reported that collagen I production was significantly
downregulated in T1KO mesenchymal cells, and collagen
fibers were irregular and aggregated in the connective tissues
in the craniofacial region of T1KO mice (Ida-Yonemochi
et al. 2018). Therefore, the same situation might happen in
the odontoblasts and predentin matrix in the T1KO molars.
In addition, dentin hypomineralization was observed in the
T1KO molars (Fig. 3r-r’""). Dorvee et al. have reported
that the areas of hypercalcification in dentin contained sul-
fated CS in bovine (Dorvee et al. 2016), and external CS
is known to promote dentin calcification in vitro (Bouvier
et al. 1990). Although we could not make clear the exact
reason for hypocalcification in T1KO molars, one possibility
is that the disorder in collagen I deposition and fibrogenesis
with reduced CS might affect dentin matrix formation and
calcification. Because it is thought that at the time of miner-
alization of predentin to dentin, PG and GAG facilitate the
organization of the extracellular matrix for mineralization
by regulating collagen fibrogenesis (Embery et al. 2001).
Since T1KO mice have half the amount of CS, further analy-
ses of dentin—pulp complex by the complete CS knockout
mouse model such as T1/T2 double knockout mice (Shimbo
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Fig.7 Effect of T1 gene knockdown and external CS on dental pulp
cells in vitro. (a, a') T1 siRNA experiment in primary dental pulp
cells of WT molars. TI mRNA expression is significantly downregu-
lated by siRNA, and cell proliferation is significantly inhibited by 7'/
gene knockdown in CCK-8 assay. n=10 for each. (b) TIKO dental

et al. 2017) will lead to the answer for the function of CS in
dentinogenesis.

In relation to angiogenesis and PGes, it is well known that
HS promotes blood vessel formation by interacting with sev-
eral angiogenic factors, such as vascular endothelial growth
factors (VEGF) and FGF2 (van Wijk and van Kuppevelt,
2014). On the other hand, CS is reported to have both pro-
angiogenic and anti-angiogenic effects depending on the
tissue (Le Jan et al. 2012; Kastana et al. 2019; Palhares
et al. 2020). CS can bind to pro-angiogenic factors, such as
VEGF-A and TGF-8, and induce vessel maturation and angi-
ogenesis (Le Jan et al. 2012; Souza Lins Borba et al. 2017).
Regarding anti-angiogenic action, CS inhibits endothelial
cell adhesion and tube formation in vitro (Kobayashi et al.
2017). In the early regeneration process of the dental pulp,
CS colocalized with proliferating CD31-positive cells in the
periapical region (Fig. 2h). In addition, the cell proliferation
of endothelial cells and pericytes was decreased in the TIKO
dental pulp (Fig. 5a-1). In vitro, the mRNA expression of
CD31 was significantly upregulated by external CS in the
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pulp cells are cultivated on the recombinant CS-A-coated dish (50 pg/
mL) for 48 h. The mRNA expressions of cyclin DI and CD31 are sig-
nificantly upregulated by extracellular CS. n=6 for each, Student's ¢
test

T1KO primary dental pulp cells (Fig. 7b), suggesting that
CD31-positive endothelial progenitor cells are activated by
extracellular CS. Taken together, we speculate that CS might
act as pro-angiogenic matrices in the early developmental
and healing process of dental pulp.

In conclusion, CS is involved in the cell proliferation
of dental pulp cells, including vascular cells, and supports
odontoblast differentiation and functional maturation to
form dentin matrices in the developmental and healing pro-
cess of the dental pulp. In the developed teeth, CS may act
as stem cell niche to maintain the dental pulp stem cells in
the apical papilla and perivascular lesions. Therefore, CS
might be available for use as a new modulator for the regen-
eration of dentin—pulp complex in dental tissue engineering.
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