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SUMMARY: Mesenchymal stem cells are present in adult tissues such as the human dental pulp. They are pluripotent and can
differentiate into various specialized cell typesvitro through appropriate stimuli. Ameloblasts produce human tooth enamel only
during embryonic development before tooth eruption, so endogenous regeneration is not possible. Various efforts have &een aimed
generating natural or artificial substitutes for dental enamel with properties similar to the specific components oésaidgigatpose
of this study was to induce human dental pulp stem cells to produce enamel proteins using extracellular matrix derivadtftaih the
tendon and pigskin. Primary cultures of human dental pulp stem cells were established and characterized by RT-PCR and
immunofluorescence, using mesenchymal cell markers such as CD14, CD40, CD44, CD105, and STRO-1. The cells were then incubated
with the extracellular matrix for fourteen days and labeled with specific antibodies to detect the expression of dentalcteiamel
such as amelogenin, ameloblastin, enamelisin, tuftelin, and parvalbumin, characteristics of the phenotype of ameloblasks. This
demonstrated a positive effect of the extracellular matrix to induce the expression of enamel proteins in the stem dellnar the
dental pulp.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are non-specializessteocytes, nerve cells, hepatocytes, cardiomyocytes,
cells that have the capacity of self-renewal and differentiati@pithelial corneal cells, melanocytes and insulin producing
into other cell types. They are present in several adult tissugsis, making the regeneration of new organic tissues possible
such as skin, adipose tissue, peripheral blood, bone marr¢Bonatoet al., 2017; Benicioet al, 2018). The most
pancreas, bowels, brain, hair follicles and dental pulp (Potdaineralized tissue in the human body is the dental enamel
& Jethmalani, 2015). These cells are an attractive supgiyatel & Preedy, 2017). The dental enamel is formed by
for tissue engineering due to their differentiation versatilitgmeloblasts derived from the ectoderm, which are induced
to obtain osteoblasts, chondrocytes and adipocytes, amahgough diverse molecules present in the surrounding
other cell types (Nufiez-Toldret al, 2017). Human dental extracellular matrix (ECM). The differentiation in ameloblast
pulp stem cells (hDPSCs) are an important source of MSGscharacterized by the expression of different proteins such
with a wide potential application in reconstructionas amelogenin, enamelisin, ameloblastin and tuftelin, as well
regenerative therapy and tissue repair. The pluripotentid proteinases, among others, all constituents of the enamel
properties of hDPSCs allow their differentiation to cells fronmatrix. Thus, the ECM plays an important role in cell
any fundamental embryonic layer (Singthal, 2016) such differentiation processes by regulating cellular behavior,
as odontoblasts, osteoblasts, adipocytes, chondrocytésyelopment, migration, proliferation and maintenance of
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cellular phenotypes (Fukumoto & Yamada, 2005; Chiegstar) and images were captured by AmScope software
2014). The aim of the present study was to stimulate hDPS(grsion: x64, 3.7.7303).
with two different sources of ECM to induce the expression
of amelogenin, enamelisin, ameloblastin, parvalbumin aMTT cell proliferation assay. To validate the vital dye
tuftelin and contribute to studies in the area of tissuexclusion method, MTT assay was used (Roche, Germany)
engineering for the exogenous production of tooth enamelccording to the manufacturer’s instructions. Dental pulp
cells were seeded in 96-wells plate by triplicate and incubated
at 37C/5% CO2. The cell viability was measured every 24h
MATERIAL AND METHOD for a total of 120h and the absorbance was quantified by
Bio-Rad Microplate Reader Benchmark (Bio-Rad, USA)
with a 570 nm filter.
Primary cell culture isolation. All the clinical and experi-
mental procedures performed in this study were approvedmunophenotyping. The pluripotential nature of dental
by the Institutional Bioethics Committee of the Autonomoupulp cells was assessed by immunofluorescence, using the
University of Aguascalientes, Mexico CIB-UAA-20, infollowing antibodies Anti-CD40 Human (Mouse)
accordance with the principles expressed in the DeclaratiBluorescein Conjugate (Calbiochem®, USA) dilution: 1:10,
of Helsinki. Informed consent was applied for allFITC Mouse Anti- Human CD44, (BD Pharmingen™, USA)
experiments. The dental human pulp was obtained frodilution: 1:20 and PE Mouse anti-Human CD105, (BD
nonerupted third molars extracted by therapeutic indicatid?harmingen™, USA) dilution: 1:6. Cells at 4th passage were
from 10 donors of both sexes between 16 and 24 years skleded in 8-wells Lab-Tek Chamber Slide w/Cover
at the Clinic in the Biomedical Unit of the AutonomousPermanox Slide Sterile (Thermo-Scientific, USA). Confluent
University of Aguascalientes. The dental pieces obtaineells were fixed with 3.7% formaldehyde for 30 minutes.
were washed in 0.9% saline solution containing 1.2 mg/Mmlonspecific binding sites were blocked with 1% bovine
of Clindamycin and transported atG in Dulbecco’s serum albumin (BSA) (Sigma Life Science, USA) for 30
Modified Eagle’s Medium (DMEM) (Gibco®, USA), minutes and washed 3x. Samples were then incubated with
supplemented with 15 % fetal bovine serum (FBS) (Gibco@ntibodies respectively for 12 h &Cland protected from
USA), 1 % of antibiotics Penicillin- Streptomycin (Gibco®,light. Then samples were counterstained with Hoechst 33342
USA), and 1 % Amphotericin B (Gibco®, USA). The(Molecular Probes, USA) at 2 mg/ml for 15 minutes. Finally,
hDPSCs obtention was carried out under sterile conditiortee samples were mounted with ProLong Gold (Thermo
Dental pieces were washed 3x with PBS (Gibco®, USAjisher Scientific™, USA). Images were obtained using a
supplemented with antibiotics. Pulp tissue was removed bgnfocal LSM700 Carl Zeiss Axio Observer Z1 Inverted
cutting the clinical crown at the level of the amelo-cementedicroscope; Objective: ECPINN 40x/1.3 Oil DICIII, at a
junction. The exposed pulp tissue was extracted using raesolution of 0.26 mm; Optovar 1x; Tot. Mag. 400x, being
canal files and macerated into portions of about £emd processed in the software ZEN Black 2.3 SP1. Likewise,
digested with 2 mg/ml of EDTA (Affymetrix, USA) for 10 analysis of the expression of mesenchymal genes was
minutes at 37C. After that, samples were centrifuged aperformed by retrotranscription and PCR. Total RNA was
1000 x g for 5 minutes and were incubated with 333 mg/ridolated from 5 samples of dental pulp cells, using the TRIzol
of Collagenase Type | (Gibco®, USA) for 30 minutes andsolation reagent (Carlsbad, USA) according to the
finally were centrifuged at 1000 x g for 5 minutes. The pellehanufacturer's protocol and taking as a reference to the study
was resuspended in complete media containing DMEM/1566 Nufiez-Toldraet al. Complementary DNA synthesis
FBS and antibiotics. Finally, the cells were seeded on 88DNA) was obtained by the reverse transcriptase reagent
mm culture dishes and incubated at’87in 5% CQuntil  (MultiScribe™, USA). The PCR was performed in an
reaching more than 80 % of confluence in 28 days. Thepplied Biosystems Veriti 96 Well Thermal Cycler
culture medium was changed 2 times per week. The céllhermoFisher, USA). The cDNA obtained was loaded on
proliferation test was made by vital dye exclusion assay.6% agarose gel and labeled with ethidium bromide (EtBr)
Confluent cell culture dishes were treated with 500 ndt 0.5 mg/ml. The oligonucleotides used for PCR assay are
TrypLE™ Express 1X (Gibco®, USA) and incubated foshown in Table I. The GAPDH was used as a housekeeping
10 minutes at 37°C/5 % C(O'he enzymatic disaggregationgene. All analyses were performed by triplicate.
reagent was inactivated using complete media. The cell
counting was made by hemocytometer using 0.4 % Tryp&nxtracellular Matrix gel obtention and cell stimulation
Blue (Gibco®, USA). The above procedure was performgufocess.The Extracellular Matrix Gel (EMG) used in this
until reaching the cell passage number 3. The cell culture®rk was obtained from pigskin and rat tail tendon. The
were observed using an optical microscope (Zeiss, Primesearch protocol for conducting animal experiments was
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Table I. Oligonucleotides used in this study to value the mesenchymal origin of human dental pulp

stem cells.
CDs/Gene Name GenelD Primer Sequence Produd size (bp)
CD14 929 F: GACCTAAAGATAACCGGCACC 161

R: GCAATGCTCAGTACCTTGAGG

F: CACAGGAGAAAGGCTGGG
ch34 94 R: CGTGTTGTCTTGCTGAATGG 179

CDa4 960 F: CAACACAAATGGCTGGTACG 153

R: GTGTGGTTGAAATGGTGCTG

F: CAGGCACTCTATTCCCAGAG
STRO-1 683 R: TCTGTCGACACCAGCTCAAG 149

F: ACAGTTGCCATGTAGACC
GAPDH 25071 R: TTTTTGGT TGAGCACAGG 244

approved by the Institutional Bioethics Committee of th®etection of dental enamel proteinsThe enamel proteins
Autonomous University of Aguascalientes, Mexico ClBdetection such as amelogenin, ameloblastin, enamelisin,
UAA-20. For the pigskin sample, 5x5 cm of skin wasuftelin and parvalbumin in the hDPSCs treated with the
obtained immediately after slaughtering and washed 2x wigxtracellular matrix gel was performed using
distilled water 2 % of iodine. The subcutaneous fat was renmunofluorescence assay. The hDPSCs previously treated,
moved and cut into pieces of 50 mm, this protocol is maggere seeded in 8-well Lab-Tek chambers. The samples were
to obtain extracellular ntiax. The rat tail tendon matrix fixed using 3.7 % formaldehyde and incubated at 37 °C for
was obtained from sacrificed Wistar rats, the protocol & min. After incubation, the cells were washed 3x with PBS
made to obtain type | collagen. Tail skin and subcutaneogisd nonspecific binding sites were blocked with 1% bovine
tissue were separated to obtain the tail tendon. Sampéesum albumin (BSA) (Sigma Life Science, USA) for 30
were processed through an acid method (Yang & Shwinutes. For the detection of enamel proteins, the samples
2014), placing the tissues in 2.5 % of acetic acid/distilleglere incubated overnight at@ with the primary antibodies
water (v/v) under magnetic stirring incubation at 100 rpniisted in Table Il. This was followed by incubation of the
overnight. The suspension was filtered through filter papgecondary antibodies with Alexa Fluor 488 goat anti-rabbit
and stored at 4C. Quantification of proteins inthe sples  (Molecular Probes, USA) dilution 1:800 and Alexa Fluor
were performed by Bradford assay, and the absorbance 884 goat anti-rabbit (Molecular Probes, USA) dilution 1:800.
measured at 595 nm. To determine the concentration Aif samples were nuclear counterstained and mounted.
proteins in the EMG, the measurements were overlapprfages were obtained by Confocal Microscope. The controls
with a standard linear curve. To induce the enamel proteiisthis experiment were established with hDPSCs without
production from hDPSda vitro, the cell culture plates were differentiation treatment.

pre-treated by EMG from pigskin or rat tail. The matrix gel

was placed on the culture plates and incubated®@ &M  Statistical analysis.Graph Pad Prism 7.0 was the software
CO, for two weeks. Before seeding the hDPSCs, the pH gbed in this study to validate the quantitative data. All the
cell culture media was adjusted to 7.4 and $01@DPSCs  experiments were performed by triplicate and the plots show
in passage 4 were seeded in pre-treated plates. The cells weeeaverages and standard deviations. The presence of
incubated in complete media at’€7/5% CQ for 14 days, statistically significant differences (p<0.05) in the MTT assay
replacing the cell culture medium 2x per week until reachingsults were analyzed and compared with their controls using
~80 % of confluence. the Tukey’s multiple comparison test.

Table II. Information about primary antibodies and the dilution used for detection of enamel proteins.

Enamel Protan Pri mary antibody Dilution
Amelogenin Anti-AMELX. Rabbit polyclonal. ABCAM, USA 1:25
Enamelisin Anti-MMP20 [EP1275Y1. Rebbit monoclond ABCAM, USA 1:25
Parvalbumin Parvalbumin. Rabbit polyclonal. Invitrogen, USA 1:25
Tuftelin TUFT1. Rabbit polyclond. Invitrogen, USA 1:100
Ameéoblastin Ameloblastin (H300). Rabbit polyclond. Santa Cruz Biotechnology, USA 1:200
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RESULTS

Primary cell culture isolation. The results obtained, showedMTT cell proliferation assay. In the assessment of cell
that from the dental pulp tissue of human third molars arptoliferation through the MTT cell metabolism assay, all cell
with the method of enzymatic digestion, it was possible amples had an increase in cell proliferation throughout their
isolate individual cells and colonies after a cell culture periddllowing passages. A statistically significant difference was
of 28 days. The cells obtained showed a starry, elongatebserved between the proliferation rate of sample 2
and extended appearance, with fibroblast-like or spindleempared to the rest of the samples after 72h, 96h and 120h
shaped polygonal contours, bipolar and grouped into colonigs<0.05) * (Fig. 2).

in cell culture. As for their cytoplasm, they had a

homogeneous appearance with cytoplasmic projections thiatmunophenotyping. The phenotype analysis by
allowed them to communicate with each other, with a largemmunocitofluorescence assay of isolated cells, showed the
spherical or ovoid nucleus, with thin and slightly granulgpresence of surface markers as CD40, CD44 and CD105 (Fig.
chromatin and one or more nucleoli were evident (Fig. 1A}). Likewise, in RT-PCR assay the expression of CD14, CD44
This morphology and proliferation patterns were maintaineghd STRO -1 markers (Fig. 4) was observed. A summary of
even when the confluence was reached (Fig. 1B). the results obtained is showed in TabléKknafiet al, 2013).

Fig. 1. Cell culture. (A) Fibroblast-like morphology of Human Dental Pulp Cells after 10 days of cell culture (10X). (Be&@mnflu
>80% of Human Dental Pulp Cells after 28 days of cell culture (4X). Bar= 250mm.

T
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-+ Sample 3 Fig. 2. MTT assay to evaluate the
cell proliferation of three dental
pulp cell samples with 24h, 48h,
72h, 96h and 120h analyzed on a
570 nm plate reader. Statistically
significant difference was observed
in sample 2 with respectto 1 and 3
after 72h (p <0.05) *. The counts
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HOECHST

CD40

CD44
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Fig. 3. Immunofluorescence staining of surface markers CD40, CD44 and CD105 demonstrating the
pluripotential phenotype of hDPSCs by confocal microscopy. Nuclear counterstaining with Hoechst
(A, D, G). (B) CD40. (E) CD44. (H) CD105 [Endoglin]. (C, F, I) Merge. Barsu0

CD44 STRO-1 CD34

| S1 S2 S3 S4 S5 C()| S1 S2 S3 sS4 S5 C()|f S1 S2 S3 s4 S5 C()

Fig. 4. RT-PCR. CDs expression
analysis of pluripotenciality
markers (CD44, STRO-1, CD34,
CD14) in samples of hDPSCs.
GAPDH was used as a
housekeeping gene. S= Samples.
C(-)= Negative control.
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Dental enamel proteins detection in differentiated cells. the presence of enamel proteins (Amelogenin, Ameloblastin,
After the cell stimulation process of hDPSCs cultured ikEnamelisin, Tuftelin and Parvalbumin) in both samples
pre-treated plates with the EMG from pig’s skin, that contaiexposed to the EMG. Enamel proteins were observed along
extracellular matrix or collagen type | from rat tail tendonthe cytoplasmic surface in comparison with the non-exposed
an immunodetection protocol was carried out in order to the extracellular matrix treatment samples, which did not
detect the expression of enamel proteins. The sampksow expression by the immunofluorescence analysis (Figs.
processed for analysis with confocal microscopy showeédand 6) (Campos-Navaret al, 2018).

ENAMEL
HOECHST PROTEIN MERGE

AMELOGENIN

A C
B - - -
») -
o - - -
TUFTELIN
J - L -
PARVALBUMIN- - -

Fig. 5. Immunofluorescence labeling and analysis by confocal microscopy of dental enamel proteins: Amelogenin, Ameloblastin,
Enamelisin, Tuftelin and Parvalbumin in hDPSCs treated with pig skin extracellular matrix gel. (A, D, G, J, M) Cell nuclear
counterstaining with Hoechst. (B) Detection of Amelogenin with Alexa Fluor® 488. (E) Detection of Ameloblastin with
Alexa Fluor® 594. (H) Detection of Enamelisin with Alexa Fluor® 488. (K) Detection of Tuftelin with Alexa Fluor® 594.

(N) Detection of Parvalbumin with Alexa Fluor® 488. (C, F, I, L, O) Merge, staining Antibody-Hoechst. Bar= 50mm.
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Fig. 6. Immunocytofluorescence labeling and analysis by confocal microscopy of dental enamel proteins: Amelogenin,
Ameloblastin, Enamelisin, Tuftelin and Parvalbumin in hDPSCs treated with rat tail tendon extracellular matrix gel.
(A, D, G, J, M) Cell nuclear counterstaining with Hoechst. (B) Detection of Amelogenin with Alexa Fluor® 488. (E)
Detection of Ameloblastin with Alexa Fluor® 594. (H) Detection of Enamelisin with Alexa Fluor® 488. (K) Detection

of Tuftelin with Alexa Fluor® 594. (N) Detection of Parvalbumin with Alexa Fluor® 488. (C, F, I, L, O) Merge,
staining Antibody-Hoechst. Bar= %0n.

Expected Marker Table Ill. Results of the expression of
CDs (Kandfi et al., 2013) sl &2 8 %% mesenchymal CDs genes in human den-
CcD14 - ¥ ¥ n " " tal pulp stem cell (hDPSCs) by RT-PCR.
CD34 - + - - - - (+) Positive marker for hDPSCs. (-)
CD44 + + + + - + Negative marker for hDPSCs. (S)
STRO-1 + + + + + + Sample.
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DISCUSSION according to the results reported by Yang & Shu, its
composition is 90% to 95% of type | collagen. This is based
on the knowledge that the proteins and growth factors of the

Tissue engineering has progressed significantly in tieMC have a determining role in the processes of cell
last decade, as several investigations have focused thmaintenance and differentiation (Fukumoto & Yamada;
efforts on the development and repair of organs and tisstRavindraret al, 2013), as occurs during dental development
with the use of stem cells, cells scaffolds, growth factorand morphogenesis, where the sequential interactions
and molecules implicated in the process of differentiatiogenerated by the mesenchymal cells of the neural crest and

(Eguseet al, 2012). Recently, due to the capacity of MSC#hose of the ectoderm allow dentinogenesis and induction

derived from dental tissues for self-renewal, differentiatiorgf the formation of dental enamel and dentin by the secretion

and plasticity, they have generated interest for their role af their EMC-forming basement membranes composed of
the reconstruction and regeneration of hard and soft tissugse | and 1V collagen, laminin, fibronectin, decorin, integrin,

(Nakashima & Hayashi, 2019). In the present work, primanyerlecan, and nidogen, allowing their proliferation and

cell cultures of human dental pulp from third molarsnaintenance of phenotypes of cell differentiation éitial,

surgically removed were used, since they are the last der28110). Therefore, the results are promising for tissue
organs to erupt, presenting less embryonic and dengalgineering to analyze the biology of stem cells derived from
development (Sedgley & Botero, 2012). The cell viabilitydental tissues and to explore the properties of the ECM used
evaluated by the MTT assay demonstrated stable and upwasta scaffold with biocompatibility and low immunogenicity
behavior necessary for subsequent experiments (Begticigroperties in contact with the cells.

al.). The morphological characteristics of the spindle and

fibroblast shape, as well as its mesenchymal and

pluripotential nature, are demonstrated by the expressionAEKNOWLEDGEMENTS

CD14, CD40, CD44, CD105, and STRO-1, coinciding with

the results of other authors (Setral, 2014; Avinastet al.,

2017). The loss of dental organs forces the dentistto replace  We are grateful to Adriana Cecilia Moreno Flores

them to return the functionality to the oral cavity. Ideally, iand Fabiola Galindo Guerrero of the UAA and the Laboratory

would be for an implant of non-embryonic cells with theof Molecular Medicine of the Health Sciences Area of the
same germinal properties that originate the components dJAZ for the technical support provided.

functional tooth (Volponiet al, 2010). With the use of

hDPSCs, the regeneration of the dentin-pulp complex and

functional roots has been achieved (Bendtial). However, SALAZAR-DE SANTIAGO, A.; AVELAR-

regeneration of tooth enamel has been a major challen@GNZALEZ, F. J.; DIAZ, J. M.; CAMPOS-NAVARRO,

even its reshaping or endogenous regeneration is not feasiblayl.; FLORES-VILLALPADO, E. M.; HERNANDEZ-

as it is formed before tooth eruption (Huang, 2011). Howeve2UELLAR, E. E. & GUERRERO-BARRERA, A. L.

mechanisms have been seeked to obtain it at a stage gfbgpresion de proteinas de esmalte en células madre de pul-

the dentinogenic process, using human fetuses and rat mogelglental humana por el efecto de matriz extraceluatar.

(Morotomi et al, 2005; Yanret al, 2006) and it has been J.Morphol., 38(6)1742-1750, 2020.

reported that the only producing sources would be those

derived of the same embryonic origin as Hertwing's epithelial RESUMEN: Las células madre mesenquimales es-

sheath and Malassez's epithelial cells and from alternatitéa presentes en los tejidos adultos como la pulpa dental

sources such as bone marrow, embryonic cells, induckdmana. Son pluripotentes y pueden diferenciarse en varios
pluripotent stem cells (IPSCs) and skin epithelial, whictipos de células especializadasitro a través de estimulos
require differentiation by stimuli with growth factors,adecuados. Los ameloblastos producen esmalte dental hu-
cytokines (TGF, FGF, Wnts and BMP) and extracellulanano sélo durante el desarrollo embrionario antes de la erup-
matrix compounds generated by the epithelium and tlgdn dental, por lo que no es posible su regeneracion
mesenchyme (Hyuat al, 2019). In the present work andenddgena. Varios esfuerzos se han orientado a generar sus-
using tissue engineering techniques, the pluripotentiidutos naturales o artificiales de esmalte dental con propie-
capacity of hDPSCs to express tooth enamel proteins thigdes similares a los componentes especificos de este teji-
participate in amelogenesis was demonstrated (Campads- El propdsito de este estudio fue inducir células madre de

Navarroet al) as amelogenin, ameloblastine, tuftelinpulpa dental humana para producir proteinas del esmalte

enamelisin and parvalbumin by induction generated by ndental a través del estimulo de matriz extracelular derivada

tural scaffolds made from pigskin glue and rat tail tendoglel tendén de la cola de rata y piel de cerdo. Se establecie-

(Maureret al, 2018; Davison-Kotleet al, 2019), which ron cultivos primarios de células madre de pulpa dental hu-
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manay se caracterizaron por RT-PCR e inmunofluorescentietotomi, T.; Kawano, S.; Toyono, T.; Kitamura, C.; Terashita, M.; Uchida,

utilizando marcadores de células mesenquimales comoT'; Toyoshima, K. & Harada, H. In vitro differentiation of dental
epithelial progenitor cells through epithelial-mesenchymal interactions.

CD14, CD40, CD44, CD105y STRO-1. Posteriormente, las arch oral Biol., 50(8)695-705, 2005.
células se incubaron con matriz extracelular durante un pewkashima, M. & Hayashi, YDental Stem Celldn: Narayan, R. (Ed.).

riodo de catorce dias y Se marcaron con anticuerpos especﬂincyclopedia of Biomedical Engineering. Amsterdam, Elsevier, 2019.

ficos para detectar la expresion de proteinas de esmalte %J}Qp'554‘64'

| | . loblasti lisi fteli nez-Toldra, R.; Martinez-Sarra, E.; Gil-Recio, C.; Carrasco, M. A.; Al
tal como amelogenina, ameloblastina, enamelisina, tuftelina Madhoun, A.; Montori, S. & Atari, M. Dental pulp pluripotent-like

y parvalbimina, las cuales son caracteristicas del fenotipostem cells (DPPSC), a new stem cell population with chromosomal
de ameloblastos. Este trabajo demostrd el efecto positivo stability and osteogenic capacity for biomaterials evalusBvC Cell

; ; ; ; Biol., 1821, 2017.
que tlen.ei el empleo de,la matriz extracelular para mdycwll%tel, V. B. & Preedy, V. RBiomarkers in Bone Diseasélew York,
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