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Abstract

Background—Regeneration of the lost periodontium is the ultimate goal of periodontal therapy.
Advances in tissue engineering have demonstrated the multilineage potential and plasticity of
adult stem cells located in the periodontal apparatus. However, it remains unclear how epigenetic
mechanisms controlling signals determine tissue specification and cell lineage decisions. To date,
no data is available on micro-RNAs (miRNASs) activity behind human-derived dental stem cells.

Methods—In this study, we isolated periodontal ligament stem cells (PDLSCs), dental pulp stem
cells (DPSCs), and gingival stem cells (GSCs) from extracted third molars; human bone marrow
stem cells (BMSCs) were used as a positive control. The expression of OCT4A and NANOG was
confirmed in these undifferentiated cells. All cells were cultured under osteogenic inductive
conditions and RUNX2 expression was analyzed as a marker of mineralized tissue differentiation.
A miRNA expression profile was obtained at baseline and after osteogenic induction in all cell

types.

Results—RUNX2 expression demonstrated the successful osteogenic induction of all cell types,
which was confirmed by alizarin red stain. The analysis of 765 miRNAs demonstrated a shift in
miRNA expression occurred in all four stem cell types, including a decrease in hsa-mir-218 across
all differentiated cell populations. Hsa-mir-218 targets RUNX2 and decreases RUNX2 expression
in undifferentiated human dental stem cells (DSCs). DSC mineralized tissue type differentiation is
associated with a decrease in hsa-mir-218 expression.

Conclusions—These data reveal a miRNA regulated pathway for the differentiation of human
DSCs and a select network of human microRNAs that control DSC osteogenic differentiation.
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INTRODUCTION

The discovery of dental derived adult stem cells (DSC) in the periodontal ligament
(PDLSC), dental pulp (DPSC) and attached gingiva (GSC), represent an alternative site for
cell harvesting that is less invasive compared to bone marrow stem cells (BMSC) and yet,
possess similar properties (1-8),
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Studies have identified numerous transcription factors that influence the differentiation
status of stem cells. Research has demonstrated that the amount of OCT4 must be tightly
regulated in order to maintain a stem cell phenotype (. Similarly, NANOG was
demonstrated to be another transcription factor that plays a crucial role in maintaining the
undifferentiated status of stem cells (19). Furthermore, NANOG acts in parallel with cytokine
stimulation of Stat3 to drive embryonic stem cell self-renewal (1), RUNX2 (runt-related
transcription factor 2), on the other hand, is a transcription factor shown to be essential for
osteoblastic differentiation and skeletal morphogenesis. Studies have demonstrated that
osteoblastic differentiation is associated primarily with increases in RUNX2/CBFA1 activity
in bone marrow stromal cells (12 13),

MicroRNAs (miRNAs) are a class of post-transcriptional regulators that bind to
complementary sequences in the 3’ UTR of target mMRNAs. miRNAs bind approximately to
60% of all genes, are abundantly present in human cells and each miRNA is capable of
repressing multiple targets (14-16), Several murine miRNAs have been discovered that
regulate osteogenesis; mMiRNA-26a and miRNA-125b negatively regulate osteoblast
differentiation 1718), while miRNA-29b, and miRNA-210 positively regulate

osteogenesis (18:20), Recently several new miRNA regulatory pathways were identified
including a Runx2/miRNA-3960/miRNA-2861 regulatory feedback loop (?1) and a Runx2
transcriptional control of miRNA-23a-27a-24-2 cluster involving SATB2 (22) was identified
for the regulation of mouse osteoblast differentiation. It also has been demonstrated that
RUNX2 is targeted by specific miRNAs in human bone marrow stem cells (23) and murine
osteoblast differentiation programs (24-26),

We have identified a unique relationship between human miRNAs expressed in
undifferentiated DSCs and differentiation of these cells towards a mineralized tissue. These
results were compared to a well-characterized model, BMSC. We describe a defined set of
human miRNAs involved in this process and demonstrated that human RUNX2 expression
correlated with decreased miRNA-218 in differentiated human DSCs.

MATERIALS and METHODS
Cell isolation, FACS Sorting and Culture

Fifty disease-free third molars were collected after elective surgeries performed at the Oral
and Maxillofacial Surgery clinic at the UTHSC Dental School. Patients with good overall
health and no periodontal disease were asked to donate their teeth under IRB consent. Teeth
were kept in DMEM with 10% FBS and 1% Pen-strep at 37°C until a total of 50 teeth were
obtained (3 days). The periodontal ligament was scraped, gingival and dental pulp tissues
were kept separated and digested in a solution of 3 mg/ml collagenase type | (Worthington
Biochem, Freehold NJ) and 4 mg/ml of dispase (Worthington Biochem, Freehold NJ).
Primary cells from donors were pooled together at the same passage in order to obtain a
primary cell type either periodontal ligament, dental pulp or gingival cells used for FACS
sortings and expanded for additional experiments. We had one batch of each particular cell
type which was combined from all donors. The experiments were performed in triplicate at 3
different times using the same batch of cells. Collected tissues were treated separately
according to their anatomical location and enzymatically digested. PDL, GING, and DP
cells from different individuals were pooled together for analyses(Y). Primary human bone
marrow stem cells (BMSC) were obtained from Dr. Jim Dennis at Case Western Reserve
University (OH) to serve as a positive control.
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Immunohistochemistry

To elucidate the presence of STRO-1 positive cells in the heterogeneous cell population,
BMSC, PDL, GING, and DP cells were seeded separately at 5x102 cells per well on a 4
chambered slide. Cells were fixed with 4% formaldehyde. Cells were blocked with 10%
Normal Goat Serum (Invitrogen, CA) for 30 m. and washed. Mouse anti-STRO-1
monoclonal IgM primary antibody (Invitrogen, CA) which is a cell surface marker for stem
cells was diluted at 1:25, 1:50, and 1:100 and incubated overnight at 4°C. Cells were washed
3 times with PBS and incubated with goat anti-mouse IgM-FITC secondary antibody at 1:50
Alexa Fluor 488 (AF488, Invitrogen, CA) at room temperature for 2 h. Cells were counter
stained with phalloidin red, DAPI, mounted with Prolong Gold (Invitrogen, CA).
Microscopic images were recorded at 40x magnification using a Nikon fluorescent
microscope (Eclipse 80i) fitted with a Nikon DS-Qil Digital camera, using the DAPI/Texas
Red/FITC excitation/emission filter sets to ascertain the presence of stem cells in the
heterogeneous population of the PDL, GING and DP.

Fluorescence-Activated Cell Sorting (FACS)

Between 1.1 — 2.3 x 106 cells per sample of each cell type were used. The sample was
labeled using a mixture of 100uL of primary antibody (STRO-1 antibody, Invitrogen, CA),
50pL normal goat serum (Invitrogen, CA), and 350 FACS wash buffer (3% FBS and
0.25M EDTA in PBS). Cells were then washed 3 times with 10mL of FACS wash buffer
and labeled using 5pL secondary antibody (Alexa Fluor 488, Invitrogen, CA) and sorted.
The negative control lacked primary antibody, was stored on ice for 30 m. in 3pL secondary
antibody (Alexa Fluor 488). The second negative control consisted of 2.94 x 10° cells stored
in 300pL of FACS wash buffer only, and sorted ().

Isolation of STRO-1 positive cells was performed on a fluorescence-activated cell sorter
(FACS) Ariall from BD Biosciences. STRO-1-AF488 was excited using a 488nm laser and
detected with a 520LP and 530/30BP filter set. Data was analyzed using BD FACS DIVA
software at the Flow Cytometry and Cellular Imaging Core Facility, MD Anderson Cancer
Center (Houston, TX). Enriched STRO-1 DPSC, GSC, and PDLSC were obtained, cultured,
and expanded as separate cell types. Other stem cell makers tested to confirm the
undifferentiated status of our GSC, PDLSC and DPSC cells included CD 105, Integrin
R1(CD 29), Stage-specific embryonic antigen-4 (SSEA4) and OCT4 (ab 44967, ab 30394,
ab16287 and ab27985 respectively; Abcam, Boston MA. 1:25, 1:25, 1:10 and 1:50 dilution).
As a negative control, a mouse 1gG1 isotype monoclonal antibody (ab27479 Abcam,
Boston, MA.) was used. Cells were sorted at 2nd passage and expanded for 2 additional
passages before plated for the experiments unless specified. All the experiments were
performed in triplicates in three different experiments using the same batch of tissues from
all combined donors.

Total RNA Isolation

BMSCs, PDLSCs, GSCs, and DPSCs were plated separately at 5 x 102 cells per well, on a 6
well plate and incubated for 7, 14, 21, and 28 days. RNA isolation was performed using the
mirVana miRNA isolation kit (Applied Biosystems, CA). Adherent cells were trypsinized
and pelleted, then washed and resuspended in PBS. The samples were then disrupted with
the mirVana Lysis/Binding Solution and vortexed to lyse them and expose the total RNA.
The RNA was organically extracted, then eluted and stored in nuclease-free water.

gRT-PCR Analysis to Confirm Undifferentiated Status

To verify gene expression for the early tissue specific markers OCT4 and NANOG, first-
strand cDNA was produced from 500ng of total RNA extracted from PDLSC, DPSC, GSC,
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and BMSC using the QuantiTect Reverse Transcriptase kit (Qiagen, Valencia, CA)
according to manufacturer’s instructions. Amplification reactions were analyzed in real-time
on a BioRad Icycler (MyiQ Optical Module) using Power SYBR Green (Applied
Biosystems, CA) chemistry and the threshold values calculated using MyiQ software
(version 1.0.410). Thermal cycling parameters were as follows: 95°C — 10 min followed by
40 cycles of 95°C — 30 sec, 60°C — 30 sec, 72°C — 30 sec. After data collection, the
following dissociation parameters were used: 95°C — 30 sec, 60°C — 30 sec, 95°C — 30 sec
and then held at 4°C. Real Time PCR primers were designed using the following accession
numbers GAPDH (NM_002046; forward primer GAGTCAACGGATTTGGTCGT, reverse
primer GACAAGCTTCCCGTTCTGAG, 185bp product) OCT4A (NM_002701; forward
primer GGCTCGAGAAGGATGTGGTCCG, reverse primer
ACGGAGACAGGGGGAAAGGCT, 247bp product), NANOG (NM_024865, forward
primer AGGAAGACAAGGTCCCGGTCAAGAA, reverse primer
GAGGCCTTCTGCGTCACACCAT, 250bp product).

Immunohistochemistry of OCT4

To elucidate the presence of OCT4 at the cell nuclei and avoid potential confounding with
an OCT4 pseudogene, PDLSC, DPSC and GSC were permeabilized with 0.2% NP-40
(Sigma-Aldrich, St Louis, MO) in PBS for 10 min, wash, blocked and analyzed by
immunohistochemistry using a polyclonal anti-OCT4 antibody (ab 27985, 1:25 dilution,
Abcam Boston, MA.) As a negative control, a mouse IgGlisotype monoclonal antibody
(ab27479 Abcam, Boston, MA.) was used.

Differentiation towards Mineralized Tissue

BMSC, PDLSC, GSC, and DPSC were plated at 5 x 103 per well on a 6 well plate to
examine osteogenic differentiation as defined by an increase on RUNX2 expression. Twelve
hours after the initial seeding, tissue culture media was replaced with osteogenesis
differentiation medium containing Dulbecco DMEM-LG with 10% FBS-Pen/Strep, 10-7M
dexamethasone, 50 M ascorbic acid-2 phosphate and 2mM B-glycerophosphate (Invitrogen,
CA). Control cells were grown in DMEM-LG with 10% FBS-Pen/Strep only. cDNA was
obtained and cells were screened for an increase in RUNX2 expression with gRT-PCR using
the parameters described above at days 7, 14, 21, and 28 (NM_001024630, forward primer
GAACTGGGCCCTTTTTCAGA, reverse primer GCGGAAGCATTCTGGAAGGA, 319bp
product). Confirmation of mineralization was accomplished using alizarin red stain. Cells
were washed in PBS, fixed for 5 m. in —20° C methanol, and air dried. Cells were
rehydrated in PBS for 2 min., alizarin red solution was added for 1 min. and washed.

microRNA Profile

miRNA analyses were performed at day 0 (baseline) for all cell types and again when
RUNX2 expression presented the highest peak in expression reported by our qRT-PCR data.
In BMSC maximum RUNX2 expression was at day 14, while DPSC and GSC peaked at day
21 and PDLSC peaked at day 28. The results between the undifferentiated cell types and
their differentiated counterparts were compared. Total RNA quality in our PDLSC, GSC,
and DPSC and BMS was measured on an Agilent Technologies (Santa Clara, CA) 2100
nano-chip to ascertain RNA quality (RIN = 8.0) and that a miRNA peak was evident. RNA
quantity was determined using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE). RNA samples were diluted to 5.5ng/pL in nuclease-free H20 prior to use.

cDNA and gPCR Protocols

Two Exigon (Copenhagen, Denmark) human miRNA panel plates (panel | & I, V2.R) per
sample were made on our undifferentiated and differentiated PDLSC, GSC, DPSC, and
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BMSC. Results were analyzed following the version 3.1 protocol. Briefly, two 20pL cDNA
reactions were made for each sample consisting of 16pL of RT master mix with spike-in
control and 4pL of diluted RNA. The reverse transcription reactions were run in an ABI
2720 thermocycler (Foster City, CA) as follows: 42°C-60 min, 95°C-5 min. The two 20 pL
cDNA reactions were added to 4.36 ml of nuclease-free H20 and mixed followed by an
equal volume of 2x SYBR Green PCR master mix (8.8 ml final). 10pL of complete 1x PCR
master mix were added to each well of both 384-well miRNA panel I and Il plates utilizing a
Beckman Biomek2000 robot (Brea, CA). The plates were run in a Roche LC480 Lightcycler
as follows: 95°C- 10 min followed by 45 cycles of 95°C-10 sec and 60°C-1 min with a ramp
rate of 1.6°/sec. Samples were ran in triplicates.

Data Analysis

Cq values were determined using the second derivative method in the LC480 software using
the absolute quantification setting. Using the Exigon module for GenEx analysis software
(MultiD), the plate layout for each panel was imported into the appropriate LC480 run file
and the analyzed and annotated data exported. The exported data was analyzed utilizing
GenEx software (ver. 5.7.2.44, Multi-D Analyses AB, Goteborg, Sweden) to determine the
fold difference in the treated sample compared to the cognate control. Changes in miRNA
expression were considered significant if they were expressed in less than 30 cycles and
showed a fold increase or decrease of 3 or greater.

Potential Target Genes and Disease Associations

Once the miRNA profiles were ascertained, potential gene targets were assessed using the
online software at three different programs (PicTar, TargetScan, mirBase) were used to
predict possible targets of microRNAs. In addition, a survey was done using PubMed
(accessed at http://www.ncbi.nlm.nih.gov/pubmed/) to determine whether these miRNAs
had correlations in other areas of study.

Screening Result Validation for miRNA-218

Triplicate 10 pl RT reactions were run using 5.5ng/pL diluted RNA samples as described
above for the validation of each sample. The cDNAs were then diluted 80-fold. SYBR
Green based-gPCR master mix was combined with assay-specific primer pairs for
miRNA-218. We then added 6y.L of assay-specific g°PCR master mix per well of an LC480
384-well white plate followed by 4L of diluted cDNA for each sample such that for each
sample one gPCR was made. This makes a complete RT-gPCR triplicate for each sample
against each assay. The plate was run in the LC480 gPCR instrument using the cycling
conditions described above. Data analysis was the same as was used for the microarrays.

gRT-PCR Analysis to confirm RUNX2 down-regulation

To verify the decrease in RUNX2 expression, as a product of miRNA-218 decrease, qRT-
PCR was performed in all cell types as mentioned above and results were adjusted against
BMSC as a positive control.

Cell culture, transient transfections, luciferase and B-galactosidase assays

PDLSC, GSC, and DPSC were cultured in DMEM supplemented with 5% or 10% FBS and
penicillin/streptomycin and transfected by electroporation. The method of transient
transfections, luciferase and p-galactosidase assays were described previously (25),
Transfected cells were incubated for 48h. The pcDNA3.1 empty vector or pSilencer 4.1
negative control vectors were added to equalize the total amount of co-transfected
expression vectors as done previously (2526),
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Expression and reporter constructs

The expression plasmid containing the cytomegalovirus (CMV) promoter linked to the
mmu-miR-218 was constructed in pSilencer 4.1 (Ambion). Runx2 3’UTR and Runx2 mutant
3’UTR generated by mutagenesis were directionally cloned into the pGL3 CXCR4 1P
(Addgene, plasmid 11310), (2 replacing the siRNA binding site by Xbal and Apal. All
constructs were confirmed by DNA sequencing.

Western Blot

PDLSC, GSC, and DPSC cells were harvested and lysates were analyzed for endogenous
Runx2 and beta-tubulin expression. Approximately 20 jug of lysate was resolved on 10%
SDS denaturing gels. Following SDS gel electrophoresis, the proteins were transferred to
PVDF filters (Millipore), immunoblotted with Runx2 antibody (1:500, Abcam, ab76956), or
B-tubulin antibody (1:500, Santa Cruz, sc-9104) and detected using ECL plus reagents from
GE Healthcare.

RESULTS

Labeling of dental derived stem cells and FACS

In order to obtain dental stem cell-enriched populations, we first collected heterogeneous
DP, GING, and PDL populations from extracted third molars and labeled them separately
with STRO-1 antibody. This antibody is a monoclonal mouse anti-human antibody IgM,
which targets undifferentiated cell populations. Successful labeling was confirmed with
confocal microscopy, which demonstrated fluorescence of the STRO-1 in some positive
cells while differentiated cells showed no fluorescence. Our controls, lacking the primary
antibody, were used in order to demonstrate the lack of unspecific binding (Fig. 1). Isolation
of these cells by Fluorescence-Activated Cell Sorting (FACS) yielded samples of the labeled
stem cells. The percentages of STRO-1 positive cells (AF488+, green) were 2.1% in the
PDL, 1.6% in the GT, and 0.6% in the DP cell populations (Fig. 2). Other well characterized

stem cell markers such as CD 105, Integrin 81 and SSEA4 confirmed our results (Fig.
3) (27.-30),

To determine if these cell populations were undifferentiated and had “stemness” properties
we screened for the expression of stem cell associated factors. Quantitative real-time PCR
demonstrated that OCT4 and NANOG were expressed in all three dental stem cells (DSC)
types. The real time PCR results of dental pulp stem cells (DPSC), periodontal ligament
stem cells (PDLSC) and gingival stem cells (GSC) were normalized to GAPDH and
compared against bone marrow stem cells (BMSC) our positive control (Fig. 4). To avoid a
potential contamination in our qRT-PCR results by an OCT4 pseudogene 31), we confirmed
its nuclear presence with an immunofluorescence approach (Fig. 5).

Mineralized tissue differentiation of PDLSC, GSC, DPSC, and BMSC

The isolated DSC were induced towards a mineralized tissue. Cells were incubated with
osteogenesis differentiation medium or normal culture media as described above and
assayed for gene expression. To evaluate a genotypic shift towards a differentiated and
mineralizing tissue type, quantitative real-time PCR was carried out at days 7, 14, 21, and 28
in order to evaluate gene expression markers for undifferentiation and differentiation. All
cells after incubation in differentiation medium (BM-DF, DP-DF, PDL-DF, and GING-DF)
revealed undetectable levels of OCT4 and NANOG expression (Fig. 4). These cells
incubated in the osteogenic inductive medium have lost their stem cell properties.

To evaluate DSC differentiation to a mineralized tissue as expressed by calcium deposits,
osteogenically induced cultures were stained at day 28 after induction under osteogenic
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media or control. DSC were washed with PBS, fixed with methanol and stained with an
aqueous 2% alizarin red solution (Sigma Aldrich) for 2 min. following standardized
protocols, washed with tap water until solution was removed and dehydrated with increasing
concentrations of ethanol. Samples were air dried. All three test samples performed in
triplicate showed staining throughout. Control samples, not osteogenically induced, were
negative (Fig. 6).

RUNX2 is associated with mineralized tissue formation and osteoblast differentiation; it is a
master regulator for bone formation. We then tested if DSC differentiation and
mineralization correlated with increased RUNX2 expression. gRT-PCR results showed no
increase RUNX2 expression in the undifferentiated controls (Fig. 7, 0 days). Interestingly,
DSCs incubated in DMEM and osteogenic inductive media revealed small increases in
RUNX2 expression after 7 days in culture (Fig. 7, 7 days). However, the differentiated
GING, DP and PDL cells showed increases in RUNX2 expression compared to
undifferentiated cells. At 14 day in culture the differentiated GING and BM cells had large
increases in RUNX2 expression, while RUNX2 expression in DP and PDL cells was similar
to day 7 (Fig. 7, 14 days). After 21 days in culture RUNX2 expression peaked in GING-DF
cells, modest increases were observed in DP-DF cells and RUNX2 expression was decreased
in BM-DF cells (Fig. 7, 21 days). Interestingly, in all DSCs cultured in DMEM, RUNX2
expression increased at day 21 albeit at low levels. RUNX2 expression peaked in PDL-DF
cells at 28 days and decreased in all other differentiated cell types (Fig. 7, 28 days). The
staining shown in fig. 6 reveal that these cells had undergone the transition to a mineralized
phenotype after 28 days in osteogenic inductive media, in correlation with a decreased
RUNX2 expression.

A regulated microRNA network in human PDLSC, GSC, and DPSC

We have shown that isolated human DSC incubated in osteogenic differentiation medium
become mineralized associated with increased RUNX2 expression. Clearly, other authors
have shown that RUNX2 is associated with differentiated mineralized tissues; however we
tested that miRNA expression was differentially regulated during the differentiation process.
In our miRNA analysis we compared the expression of 759 known miRNAs between the
three differentiated cell types against the undifferentiated control cells. Our significance
value for miRNA expression analyses was set at 30 or less cycles and 3-fold or greater
increase or decrease (Table 1). The miRNA profile of BMSC revealed eight miRNAS that
were differentially expressed when the cells were osteogenically induced: hsa-let-7i*, hsa-
mir-29b, hsa-mir-222, hsa-mir-148a, hsa-mir-31, hsa-mir-136, hsa-mir-210, and hsa-
mir-335. All miRNAs showed a decrease in expression when the stem cells were
differentiated. The profile of DPSCs showed an increase in expression of two miRNAs, hsa-
mir-1247 and hsa-mir-708. Four miRNAs were down-regulated: hsa-mir-502-p, hsa-
mir-218, hsa-mir-99a, and hsa-mir-210. The profile of PDLSC showed a down-regulation of
six miRNAS: hsa-mir-222, hsa-mir-15a, hsa-mir-99a, hsa-mir-199b-5p, hsa-mir-210, and
hsa-mir-218. The miRNA profile of GSCs indicated a down-regulation of hsa-mir-99a, hsa-
mir-99a*, hsa-mir-210, hsa-mir-218, and hsa-mir-214. Although miRNA-218 was not the
most down-regulated miRNA, we decided to target miR-218 in this study since it was the
only predicted miRNA to target RUNX2. (Table 1. A and B).

MiRNA-218 regulates RUNX2 expression

Three different online programs (PicTar, TargetScan, mirBase) were used to predict possible
targets of microRNAs. RUNX2 was suggested as a potential target of miRNA-218 and
because miRNA-218 expression decreased in differentiated DSCs and RUNX2 increased we
tested if this miRNA targeted RUNX2. The RUNX2 3’'UTR miRNA-218 7 nucleotide-
binding element is highly conserved among different vertebrate species (Fig. 8A).
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Furthermore, both human and mouse miRNA-218 are identical in sequence (Fig. 8A). The
RUNX2 3’UTR and mutated seed region 3’'UTR was cloned downstream of the luciferase
gene and used in a reporter assay for miRNA-218 activity (Fig. 7B) (2224, DSC cells
transfected the Runx2 3’'UTR luciferase construct and miRNA-218 demonstrated a 50%
repression of luciferase activity (Fig. 7C). The mutation of the miRNA-218 seed sequence in
the Runx2 3’UTR abolished regulation by miRNA-218 in the transfection experiments (Fig.
7C). Therefore, transfected miRNA-218 decreased endogenous Runx2 protein in PDLSC,
GSC, and DPSC cells (Fig. 7D).

DISCUSSION

In our study, we were able to successfully isolate PDL, GT, and DP STRO-1 positive cells
with the monoclonal antibody STRO-1. The STRO-1 surface marker antibody has been used
to consistently identify stromal cell precursors in human bone marrow. STRO-1 positive
cells have shown plasticity towards differentiation to an osteoprogenitor cell type which is
characterized by RUNX2 expression (26: 32) and calcium deposits (33 34),

STRO-1 has become a reliable tool for isolating stem cells of dental origin ). The results of
the STRO-1 labeling and confocal microscopy demonstrate that only certain cells from a
heterogeneous population of DP, GT, and PDL cells bound the antibody. The additional
stem markers used to identify these cells such as CD105, CD29, SSEA4 and OCT4 (27-30)
confirmed our findings. Our results revealed that 2.1% of the PDL and 1.6% of the GT cells
were STRO-1 positive, which compares favorably with other studies (1: 36.37), The
percentage of STRO-1 positive DP cells was low at 0.6%. Other researchers have used
magnetic-activated cell sorting (MACS) or FACS to isolate these cells and determined these
methods to be restrictive because of the rarity of these cells, compounded by the number of
cells available after processing (). Nevertheless, were able to successfully isolate
homogenous samples of labeled cells. However, it is important to note that the amount of
stem cells available at the perivascular area is strongly dependent on donor age and as we
have a pool of donors, it is difficult to ascertain particular age of the tissue samples.

Once the stem cell populations were isolated, we evaluated the expression of two markers
for undifferentiated cells, OCT4 and NANOG. The expression of Oct4 in mouse embryonic
stem cells must be tightly regulated in order to maintain a stem cell phenotype ). An
increase in Oct3/4 expression causes differentiation into primitive endoderm and mesoderm,
while repression induced the loss of pluripotency and de-differentiation to trophoectoderm.
Similarly, NANOG was demonstrated to be another transcription factor that plays a crucial
role in maintaining the undifferentiated status of stem cells 1). NANOG acts in parallel with
cytokine stimulation of Stat3 to drive embryonic stem cell self-renewal 1. We have shown
that STRO-1-labeled DSCs expressed these transcription factors as compared to the well-
characterized human bone marrow stem cells, providing additional evidence of their
undifferentiated status (36),

Differentiation of human dental stem cells

The DSC were induced to differentiate in order to elucidate the signaling cascade that
ultimately ends in cell lineage differentiation. After the PDLSC, DPSC, GSC, and BMSC
were cultured under osteogenic inducing conditions, we confirmed the presence of mineral
deposits using alizarin red stain (1 2. 5.37:38) |n order to ascertain the time point of greatest
osteogenic activity, we selected a peak expression of the transcription factor RUNX2, which
has been demonstrated to promote expression of ECM products related to mineralized
tissues, as well as to start a cascade of signaling which promotes differentiation (12). RUNX2
is a member of the RUNX family of transcription factors and encodes a nuclear protein with
a Runt DNA-binding domain. RUNX2 plays a crucial role in osteoblast differentiation (9.
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RUNX2 expression peaked in BMSCs at day 14, while DPSCs and GSCs peaked at day 21
and PDLSCs peaked at day 28. These results are in agreement with a previous study (). An
explanation for the early RUNX2 expression in BMSCs may be that the embryological niche
in the mesoderm area is more conductive for mineralization as compared to the ectodermal
origin of PDLSC, GSC and DPSC. (40)

A role for miRNAs in human dental stem cells

The profile of BMSC revealed that eight miRNAs were down-regulated when the stem cells
were induced to differentiate in osteogenic culture. In a recent report the expression of two
of the miRNAs identified in our study hsa-miR-148a and hsa-miR-31, were also decreased
in BMSC (21). They suggest that these miRNAs may play an important role in inhibiting
osteogenic differentiation of mesenchymal stem cells. Taken together with our results both
hsa-miR-148a and hsa-miR-31 may be important human miRNAs involved the osteogenic
program.

To our knowledge, there have not been any studies reporting miRNA profiles in human
dental-derived stem cells. The decrease in hsa-miRNA-210, hsa-miRNA-222, hsa-
miRNA-218 and hsa-miRNA-99a expression in DPSC, GSC, and PDLSC ignited our
interest to learn their role in cell differentiation mechanisms. These miRNAs appear to play
an essential role in the differentiation of dental stem cells. However, despite having the same
embryological origin, the overall miRNA profiles of each cell type did not completely
overlap. This may be explained by the fact that each cell type occupies a specific niche
within the dental tissues (40), and accounts for the differential expression of the miRNAs. It
is also noteworthy that in addition to being expressed in both dental cell types, hsa-mir-210
and hsa-miR-222 were also down-regulated in the BMSC group. These miRNAs could play
a role in osteogenesis across many cell and tissue types, and further research is needed to
clarify this finding.

This is the first report of human DSCs differentially expressed during osteogenic
differentiation and demonstrating that human miRNA-218 targets RUNX2 expression. A
group of osteo-miRNAs (including miRNA-218) were recently identified as targeting Runx2
in mesenchymal cells to control osteogenic maturation (22), These miRNAs all have variable
repression of Runx2 expression and it was proposed that increased miRNA expression in late
stage osteoblast differentiation decreases Runx2 expression to permit maturation. However,
during chrondrogenesis decreased miRNA expression could lead to increased Runx2
expression (22). A novel Runx2/miRNA-3960/miRNA-2861 regulatory feedback loop has
been identified revealing a role for these miRNAs in osteoblast differentiation 9). This
mechanism involves histone deacetylase 5, homeobox A2 transcription factor repression of
Runx2 expression and BMP2. These data demonstrate the diverse mechanisms regulating
miRNA and Runx2 expression as well as osteoblast differentiation. The human miRNAs
involved in DSC differentiation may use some of these pathways and we are currently
identifying new targets and signaling pathways for the set of four miRNAs that are
decreased in differentiated DSC.

DNA microarrays of the undifferentiated and differentiated cells have been performed genes
and genetic pathways are being analyzed and correlated to miRNA expression. In addition,
we are over expressing specific miRNAs to test the candidate genes identified by DNA
microarrays. By selecting a single miRNA and screening the gene profile, a more
comprehensive idea of the processes in which those miRNAs participate may emerge.

In summary, DPSC, GSC, and PDLSC were successfully isolated and cultured. Osteogenic
induction was performed; tissue mineralization was confirmed using quantitative real-time
PCR, and tissue culture staining methods. miRNA profiles for BMSC, DPSC, GINGSC, and
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PDLSC populations showed changes in expression between undifferentiated and
differentiated cell types. Further studies are warranted to ascertain the precise roles that
these miRNAs play in stem cell proliferation and differentiation.
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Fig. 1.

STRO-1 labeling of DSC for cell sorting- (A, C, E, and G) left panels represent images from
PDLSC, DPSC, GSC, and BMSC, respectively, using STRO-1 antibody (green), phalloidin
red (cytoskeleton) and DAPI (blue, nuclei). (B, D, F, and H) right panels show the negative
control of the same cell type lacking the primary antibody. (20x). BMSC are utilized as a
positive control.
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Fig. 2.

Fluorescence activated cell sorting plots-A, B, and C represent sortings of PDLSC, DPSC,
and GSC. Viable cells in blue color; black color depicting damaged cells rejected during the
sorting; and in green, strongly STRO-1 positive cells, represented 2.1%, 0.6%., 1.6%,
respectively for PDLSC, DPSC, and GSC.
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Fig. 3.

Fluorescence activated cell sorting histograms-Third passage STRO-1 positive cells were
analyzed by FACS after staining with FITC (solid black) or control isotype 1gG (grey). The
stem cell antibody makers used were CD 105, Integrin R1 and SSEA4. Results are
representative of 3 different experiments.
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gRT-PCR results of OCT4 and NANOG expression-OCT4 and NANOG levels in DPSC,
PDLSC, and GINGSC populations are shown relative to BMSC levels. RNA was harvested
from isolated dental stem cells or after 21 days in osteogenesis differentiation medium (DF,
Differentiated cells). All data was normalized to GAPDH to account for RNA concentration
differences in the samples.
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Immunohistochemistry for OCT4 localization in DSC-Third passage GSC, PDLSC and
DPSC were grown in 4 well chamber slides, permeabilized and stained with a mouse anti-
human OCT4 antibody (1:50 dilution). Negative control: mouse IgG isotype. Secondary
antibody goat anti-mouse FITC. DAPI was used in the mounting solution. Positive
immunolocalization (green) was seen at the perinuclear area (blue). 20x magnification.
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Fig. 7

. RUNX2 expression increases in DSC cultured in osteogenic inductive media-gRT-PCR
results of RUNX2 screening of DSCs at 0, 7, 14, 21, and 28 days grown in regular media or
osteogenic media. Data presents average £SD of triplicate experiments
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miRNA-218 targets Runx2 expression-A) Schematics of putative mmu-mir-218 binding site
and mutant Runx2 3’UTR. Mutations of the seed binding region on 3’UTR of Runx2 were
generated in the reporter plasmid. B) DSC cells were transfected with 2.5 pug of Runx2
3’UTR and mutant Runx2 3’UTR reporter plasmids. 1 pg of empty or miRNA-218
expression plasmids were co-transfected. To control for transfection efficiency all
transfections included the SV-40 B-galactosidase reporter (0.5 jug). The activities are shown
as mean-fold activation normalized to $-galactosidase activity (+SEM) from three
independent experiments. C) Western blot of Runx2 in DSC cells transfected with 5 pg
pSilencer vector or pSilencer-miRNA-218, cell lysates were harvested after 48 hours.
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