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Abstract

Background: Mesenchymal cells’ biology has been an important investigative
tool to maximize bone regeneration through tissue engineering. Here we used
mesenchymal cells from periodontal ligament (PDLCs) with high (h-) and low
(I-) osteogenic potential, isolated from different donors, to investigate the impact
of the individual epigenetic and transcriptional profiles on the osteogenic poten-
tial.

Methods: Genome-wide and gene-specific DNA (hydroxy) methylation, mRNA
expression and immunofluorescence analysis were carried out in h- and I-PDLCs
at DMEM (non-induced to osteogenesis) and OM (induced—3rd and 10th days
of osteogenic differentiation) groups in vitro.

Results: Genome-wide results showed distinct epigenetic profile among PDLCs
with most of the differences on 10th day of OM; DMEMs showed higher con-
centrations (xOM) of differentially methylated probes in gene body, intronic and
open sea (3rd day), increasing this concentration in TSS200 and island regions, at
10 days. At basal levels, h- and I-PDLCs showed different transcriptional profiles;
1-PDLCs demonstrated higher levels of NANOG/OCT4/SOX2, BAPX1, DNMT3A,
TETI/3, and lower levels of RUNX2 transcripts, confirmed by NANOG/OCT4
and RUNX2 immunofluorescence. After osteogenic induction, the distinct tran-
scriptional profile of multipotentiality genes was maintained among PDLCs. In
1-PDLCs, the anti-correlation between DNA methylation and gene expression in
RUNX2 and NANOG indicates methylation could play a role in modulating both
transcripts.

Conclusions: Epigenetic and transcriptional distinct profiles detected at basal
levels among PDLCs were maintained after osteogenic induction. We cannot dis-
card the existence of a complex that represses osteogenesis, suggesting the indi-
vidual donors’ characteristics have significant impact on the osteogenic pheno-
type acquisition.
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1 | INTRODUCTION

Cell-based therapies for bone regeneration employing peri-
odontal ligament cells (PDLCs) has been a promising alter-
native in clinical trials, because of their differentiation
potential and less invasive collection."? However, the het-
erogeneity of the experimental protocols and the reduced
understanding of their biology on healing and regenera-
tion processes means that there is no consensus between
the best protocol for harvesting, processing and grafting
these cells.? Donor’s age, methods for cell collection, isola-
tion and expansion* are some of the characteristics related
to the heterogeneity of the results that still need to be
defined. Noteworthy, the individual epigenetic landscape
stands out for influencing the transcription and stability of
the genome, in addition to contributing to the pathogene-
sis of innumerable multifactorial diseases.>°

Epigenetic mechanisms, including chromatin remod-
eling, DNA methylation and non-coding RNA, are asso-
ciated to the control of gene silencing that regulates
pluripotency and self-renewal of stem cells, being impli-
cated as important modulators during their phenotypic
commitment.” Recently, the association between non-
coding RNAs and osteogenic potential was demonstrated
by our research group® with high (h-) expression of
microRNAs (miRs)’ biogenesis machinery, Exportin-5
(XPO5) and miRs 7 and 22 being involved in the post-
transcriptional repression of the Runt-related transcription
factor 2 (RUNX2) gene, conferring the low (I-) osteogenic
potential for PDLCs, during osteogenesis induction.® In
addition, our group also has shown the DNA methyl-
transferases 1 (DNMT1) inhibitor, RG108, restores RUNX2
expression and mineralization in PDLCs, increasing the
osteogenic potential.’

Changes in cell phenotype between pluripotency or
osteogenic commitment is defined by transcription factors
(TFs) that act as molecular switches, activating, or repress-
ing specific gene expression programs. The joint action of
POU Class 5 Homeobox 1 (OCT4),'%!! transcription factor
SRY-box 2 (SOX2), and homeobox Nanog (NANOG), com-
prises the triad of TFs associated to the network core of
transcriptional regulators responsible for the self-renewal
and maintenance of stem cell pluripotency.'?

RUNX2 and Sp7 transcription factor (SP7) on the
other hand, are TFs shown as essential for osteoblas-
tic differentiation and skeletal morphogenesis,”* with
the osteoblastic differentiation being associated with an

increase in RUNX2/core-binding factor subunit alpha-1
(CBFAL) activity in bone marrow stem cells (BMSCs).'*!>
RUNX2, the master gene for osteoblastic differentiation,
coordinates intracellular signals that promote bone differ-
entiation of PDLCs;'®! its expression can be regulated by
different mechanisms, including the expression of Bagpipe
Homeobox Homolog 1 (Bapxl) gene, which is a negative
regulator of osteoblastic phenotype acquisition.'® In addi-
tion, epigenetic mechanisms, through the DNA modifying
enzymes DNMTs and Ten-Eleven-Translocation (TETS),
play an important role in the transcriptional control of
genes related to both maintenance of pluripotentiality'*
and osteogenic potential.”’*> Thus, the objective of this
study was to determine the impact of the individual epige-
netic and transcriptional profiles on the osteogenic poten-
tial of PDLCs, evaluating DNA methylation as a mecha-
nism of transcriptional control.

2 | MATERIALS AND METHODS

2.1 | Celllines and cell culture

Low (I-PDLCs) and h-osteogenic potential (h-PDLCs)
was provided by Dr. Karina Silverio™ (Ethics Commit-
tee of Piracicaba Dental School, University of Campinas:
CAAE55588816.4.0000.5418). The cells were obtained from
two different donors, aged between 20 and 22 years, sys-
temically healthy, without taking antibiotics and anti-
inflammatories for the past 6 months. The oral mucosa did
not present any visible lesion or wound, and the patient
was periodontally healthy, with probing depth <3 mm.
Cells were cultured in h-glucose Dulbecco’s Modified
Eagle Medium (DMEM), 20% Fetal Bovine Serum (FBS),
100 U/ml of penicillin, and 100 mg/ml of streptomycin and
maintained at 37°C in a humidified atmosphere contain-
ing 5% CO, The cells population were classified accord-
ing to their ability to differentiate into osteogenic lineage
and produce mineral nodules (supplementary Figure S1 in
online Journal of Periodontology) as previously described
(Assis et al.). Each population was submitted to three bio-
logical independent replicates for each experiment, with
cells in the passages P5-P8, except when stated otherwise.

*Department of Prosthodontics and Periodontics, Piracicaba Dental
School, University of Campinas, Piracicaba, Brazil.
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2.2 | Osteogenic differentiation

Both 1- and h-PDLCs were seeded into 6-well plates (2.5
x 10° cells/well) in DMEM, 10% FBS and antibiotics.
After 24 h of incubation, the control group (T0, DMEM
only) was collected and the culture medium was replaced
by osteogenic medium (OM) containing ascorbic acid
(50 ug/ml), B-glycerolphosphate (10 mM), dexamethasone
(10 nM), 10% FBS and 1% antibiotics; the cells were incu-
bated and collected after 3 and 10 days, with media change
every 3 days.

2.3 | Global DNA (hydroxy) methylation
analysis
2.3.1 | DNA isolation

h-PDLCs and I-PDLCs were cultured (8.7 x 10°
cells/100 mm dishes) in DMEM and OM, with media
change every three days. Two independent experiments
were performed. At days 3 and 10, cells were washed two
times with PBS and scrapped off in extraction buffer with
proteinase K. Total DNA was purified by extraction with
phenol/chloroform/isoamyl alcohol and stored at -20° C.
DNA’s concentrations and quality were assessed using
fluorometers’ and spectrophotometer®.

2.3.2 | Ogxidative bisulfite conversion

The reaction was performed using the oxidative bisulfite
conversion kit’. Samples were pooled, combining 500 ng of
each replicate, then 1 ug of DNA from pooled samples was
purified and denatured. Pooled-DNA from each group was
split in two equal volumes, one of which underwent chem-
ical oxidation followed by bisulfite conversion, the other
underwent mock oxidation (oxidant replaced by water)
followed by bisulfite conversion’, processed through the
array protocol, following manufacturer’s guidelines. Array
bead chips were scanned .

2.3.3 | Data processing

Beta values represent the measured DNA (hydroxy) methy-
lation values, based on the intensities of probes. Beta val-
ues range from O to 1 and can be thought of as a methylation

 Qubit; Thermo Fisher Scientific Inc., IL

# Nanodrop 1000; Nanodrop Technologies LLC, NC

§ TrueMethyl 0xBS Module; catalog #0414, NuGEN, Tecan Genomics Inc.,
CA

“ Infinium Methylation EPIC beadchip; Illumina Inc., CA

™ HiScanSQ system; Illumina Inc., CA

JOUR l}lAL OF
Periodontology

percentage. Processing and statistical analysis of the array
data were performed using the R statistical language.”’
The raw idat files produced were analyzed with minfi
package,”* applying Subset-quantile Within Array Nor-
malization (SWAN), producing a final data set containing
probes and their fold-change values for each sample for
further analysis. Genome studio performed quality con-
trol test, differentially methylated probes, and annotated
regions.

2.4 | DNA methylation status of the
promoter region in specific genes

To distinguish the methylation (5-meC) and hydrox-
ymethylation (5-hmeC) contents, each sample was
divided into three tubes containing 400 ng of DNA
each and treated with 1 unit of the enzyme T4-3-
glucosyltransferase (T4-BGT)*, adding a portion of
glucose to 5-hmeC residues, converting them to beta-
glucosyl-5-hydroxymethylcytosine, blocking the Mspl
activity that recognizes and cleaves CCGG sequences,
except for glycosylated 5-hmeC. After digestion, one
tube of each sample was digested with MspI**, the other
one with the Hpall** or H,O (control). The gPCR was
performed in a 25 ul reaction, containing real-time PCR
master mix"$ (12.5 ul), 0.5 umol/L of each primer, 1 ul of
treated gDNA (three conditions—H,0O, Mspl and Hpall).
Primers were designed on regulatory regions such as
DNasel hypersensitivity clusters sites, layered by histone
modifications marks, CpG regions, and TFs binding sites,
with Primer3 Input (https://bioinfo.ut.ee/primer3-0.4.0/)
and analyzed for secondary structures and
annealing temperatures by the Beacon Designer
(http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=
1). Sequences and chromosome location were confirmed
by in-silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr).
The characteristics of primers and regions of genes and
PCR conditions are illustrated in supplementary Table S1
in the online Journal of Periodontology.

2.5 | Gene expression analysis

After in vitro osteogenic differentiation, the total RNA
was extracted from both PDLCs using TRIzol/chloroform
methods. The first-strand cDNA was synthesized from
2000 ng using the Superscript I1 kit™" according to manu-
facturer’s instructions. The real-time PCR master mix and

 New England Biolabs, MA
$§ PowerUp SYBR Green Master Mix 2x; Applied Biosystems, CA
- Catalog #11904018, Invitrogen, Thermo Fisher Scientific Inc., IL


https://bioinfo.ut.ee/primer3-0.4.0/
http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1
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thermal cycler
PCR analysis. Primer sequences and cycling conditions
are shown in supplementary Table S2. Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH), 18S ribosomal RNA
(18S rRNA) and Actin Beta (ACTB) were used as internal
controls.

2.6 | Fluorescence microscopy

PDLCs were cultured on glass coverslips and treated
according to experimental groups described -earlier.
After 72 h, cells were washed with PBS, fixed in PBS-
paraformaldehyde 4% for 1 h and permeabilized in PBS
(0.2% Triton-X 100, 1% BSA) at 37 °C for 1 h and stained, for
1h at room temperature, with NANOG and OCT4 primary
antibodies? or for RUNX2, with the mouse monoclonal
RUNX2### (1:100 dilution). After washing with PBS,
the cells were stained with secondary antibody rabbit
anti-mouse IgG H+L Alexa Fluor 488%Y for 1 h at room
temperature. Coverslips were mounted on glass slides
using aqueous mounting medium™ " and then viewed on
inverted microscope’ ", Quantification was performed as
previously described.?

2.7 | Statistical analysis

Results are presented as mean + standard deviation (SD).
The assumptions of equality of variances and normal dis-
tribution of errors were checked by the Brown-Forsythe
and Shapiro-Wilk test. Data were analyzed using Stu-
dent’s t-test or two-way analysis of variance (ANOVA) with
graphing and statistics software****. The analyzes had a
5% significance level and for multiple groups, the P values
were adjusted using the Tukey test.

3 | RESULTS

3.1 | Global DNA (hydroxy) methylation
in h-PDLCs and 1-PDLCs on 3rd and 10th
days of osteogenic induction

Global DNA (hydroxy) methylation profiles were com-
pared between 1-PDLCs and h-PDLCs at basal and OM.

7" QuantStudio 3 Real-Time PCR; catalog #A28567, Thermo Fisher Sci-
entific Inc., IL

§§§ Catalog #A27023, Invitrogen, Thermo Fisher Scientific Inc., IL

“** Fluoroshield with DAPI; Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany

11 Zeiss Axio Observer with Apotome.2; Zeiss, Oberkochen, Germany
¥ GraphPad Prism 7; GraphPad Software Inc., CA

Of the 865,918 probes investigated, most of them did not
undergo detectable changes; however, significant differ-
ences were observed, mainly on 10th day of osteogenic
induction, highlighting the distinct methylation profile
between h-PDLCs and I-PDLCs in this period. Correlations
and frequencies of total methylation (5-meC + 5-hmeC)
were similar between groups as well as related to time
points, in h-PDLCs (Figure 1a a, b, e, f, i and k) being also
similar between groups but different at time points in 1-
PDLCs (Figure la c, d, g, h, j and 1). Because of oxida-
tive bisulfite conversion, we were able to identify the real
levels of 5-meC and 5-hmeC independently, and PDLCs
showed distinct patterns. h-PDLCs showed similar inten-
sity of 5-meC in all groups (Figure 1b c, d, i, and j); on
the other hand, 5-hmeC levels were similar only at non
induced group (Figure 1b e and k) with lower intensity at
induced groups (Figure 1b f and 1). In 1-PDLCs, 5-meC lev-
els were similar between groups at 3rd day (Figure 1b c and
d), lowering the intensity on 10th day (Figure 1b i and j).
The levels of 5-hmeC were similar between the induced
groups (Figure 1b fand 1), lowering the intensity in the non-
induced group on 3rd day (Figure 1b e) and increasing the
intensity in the non-induced group at 10 days (Figure 1b k).

The total number of differentially methylated probes
(DMPs) was different between groups, with higher num-
bers of DMPs at basal (Figure 1c a and e¢) compared with
the induced groups (Figure 1c b and f). However, the pro-
portion of common DMPs between groups was two times
higher at 3 days (Figure 1c and d) than at 10 days (Figure 1c
g and h). The non-induced groups showed higher concen-
trations of DMPs in the gene body, intronic and open sea
regions, compared with the induced groups, at 3 days (Fig-
ure 1d a and b), and an increase in the concentration of
DMPs in the TSS200 and island regions, and a decrease in
the intronic and open sea regions, at 10 days (x 3 days) (Fig-
ure 1d c and d).

3.2 | Basal transcriptional profile of
multipotency and osteogenic genes and
specific changes promoted by osteogenic
induction

To characterize the transcriptional profile of multipotency
(NANOG, OCT4, SOX2) and osteogenic genes (BAPXI,
RUNX2, SP7, Alkaline Phosphatase—ALPL, Collagen Type
I Alpha 1 - COLIAI), we compared the basal (DMEM)
gene expression profiles between h- and 1-PDLCs. I-PDLCs
presented increased transcripts for multipotency genes
NANOG/OCT4/SOX2 (Figure 2a, b, c), and the negative
regulator of osteoblastic phenotypic acquisition BAPX1
(Figure 2d), compared with h-PDLCs. On the other hand,
increased basal expression of the osteogenic genes RUNX2
and COLI1AI (Figure 2e, g) were observed in h-PDLCs. The
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immunostaining results corroborated with the results of
gene expression and revealed that 1-PDLCs have higher
NANOG and OCT4 and lower RUNX2 protein content,
compared with h-PDLCs (Figure 2i, j, k). The absolute val-
ues showed increased gene expression of NANOG, OCT4,
BAPX1, SP7, ALPL, DNMT3A, TETI, and TET3 (Figure
S1C-F) in 1-PDLCs. OCT4 was the least expressed mul-
tipotency gene in both PDLCs. Amongst the epigenetic
machinery genes, the DNMT3A and TET3 were the most
expressed in 1-PDLCs and the least expressed in h-PDLCs.

Next, we induced h- and I-PDLCs to osteogenic differ-
entiation in vitro, to better elucidate whether the tran-
scriptional differences at basal levels could impact on
osteogenic potential. As expected, h-PDLCs showed a sig-
nificant increase (~10x) in the RUNX2 transcripts on both
3rd and 10th days, accompanied by a significant increase
(~5%) in the SP7 gene expression, on the 10th day (Fig-
ure 2u, w). In contrast, I-PDLCs showed a slight increase in
the expression of the RUNX2 gene on the 3rd day accompa-
nied by an abrupt reduction in the following period (Fig-
ure 2t) and the negative regulation of SP7 transcription

was observed in both periods (Figure 2v). The expression
of COLIAI and ALPL genes, both related to the mineral-
ization process, were decreased in I-PDLCs (Figure 2x, z)
and increased in h-PDLCs (Figure 2Y, Al). The transcrip-
tion of multipotency genes NANOG/OCT4/SOX2 was neg-
ative regulated at 3rd and 10th days of osteogenic induction
(Figure 21, n, p) and a significant increase in BAPXI gene
expression (~10x) on the 3rd day (Figure 2r) was observed
in I-PDLCs. Conversely, h-PDLCs responded to osteogenic
induction up-regulating NANOG/OCT4, and BAPX1 (Fig-
ure 2m, o, s) and down-regulating SOX2 transcripts (Fig-
ure 2q).

3.3 | Basal transcriptional profile and
changes triggered by osteogenic induction
on epigenetic modifying genes

DNA methylation patterns are determined by the dynam-
ics between DNMTs and TETs,° therefore, the next
step was to evaluate their transcriptional profile and the
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Transcriptional profile of genes related to multipotency and osteogenic potential in 1-PDLCs and h-PDLCs. For gene

expression analysis, the total RNA was extracted by the Guanidinium thiocyanate /Chloroform/Isopropanol method, followed by the reverse

transcription of 2000 ng of total RNA per 1 U of the reverse transcriptase enzyme. The basal gene expression in the multipotency genes
NANOG (A), OCT4 (B), SOX2 (C) BAPX1 (D), and osteogenic markers RUNX2 (E), SP7 (F), COL1AI (G) ALPL (H) and after 3 and 10 days of
osteogenic induction NANOG (L, M), OCT4 (N, 0), SOX2 (P, Q) and BAPXI (R, S) and related to the osteogenic potential RUNX2 (T, U), SP7
(V, W), COL1AI (X,Y) and ALPL (Z, A1) were evaluated by qPCR. The GAPDH, ACTB and 18S genes were used as normalizers. The basal
protein content of NANOG, OCT4, and RUNX2 was determined by immunofluorescence in 1-PDLCs (I) and h-PDLCs (J). NANOG, OCT4,
and RUNX2 (K) fluorescence intensity was analyzed using LAS AF software. The results were calculated by the method (2 ~2¢t) and

represent the mean + standard deviation of three independent experiments performed in technical duplicates. Student’s #-test was used to
compare 1-PDLCs versus h-PDLCs (** P < 0.001, *** P < 0.0001, and **** P < 0.00001) and ANOVA followed by Tukey test for analysis
between groups (T0, T3, and T10). * P < 0.05; ** P < 0.001, and *** P < 0.0001 when compared with TO and * P < 0.05; ** P < 0.001, and ***

P < 0.0001 when compared with T3

Figure 3 illustrates h-PDLCs and 1-PDLCs have dis-
tinct basal transcriptional profiles. DNMT1, DNMT3B, and
TET2 genes were upregulated (Figure 3a, c, e) whereas
DNMT3A and TETs 1/3 (Figure 3b, d, f) were down-
regulated at basal levels in h-PDLCs, compared with 1-
PDLCs. DNMT3A was the most expressed DNMT in 1-
PDLCs whereas DNMT1 was in h-PDLCs (Figure Sle);
on the other hand, TET3 in 1-PDLCs and TET2 in h-
PDLCs were the most expressed TETs (Figure Sle). Inter-
estingly, the osteogenic induction also triggered distinct
changes on DNA modifying enzymes and the main dif-
ferences were the up regulation for all TETs on the 3rd
day and for TET1/3 on the 10th day (Figure 3p, q, r). In
contrast, -PDLCs showed down-regulation of TET1/2 and
DNMT]1 transcripts (Figure 3g, m, n) after 3 and 10 days
and up-regulation of DNMT3B and TET3 at 3rd day (Fig-
ure 3i, 0). On the other hand, the changes in the DNMT3A
gene expression were found to be distinct between PDLCs,
being down-regulated in both periods in 1-PDLCs (Fig-
ure 3h) and up-regulated on the 10th day, in h-PDLCs
(Figure 3k).

3.4 | Correlation between DNA
methylation and expression of
multipotency and osteogenic genes

Next, we have observed that the methylation status of the
multipotency and osteogenic genes were different between
I-PDLCs and h-PDLCs, at basal levels, and on osteogenic
induction (Figures 4 and 5).

In h-PDLCs, no significant epigenetic changes were
observed in the NANOG and BAPX1 (Figure 4a, i, |, Figure
S2C, H); however, the inversely correlation between DNA
methylation and gene expression in the NANOG, suggested
methylation could play a role in modulating its expression
on the 3rd day, in -PDLCs (Figure 4b, Figure S2A, Figure
S3A1).

On the other hand, h-PDLCs showed significant
changes in the epigenetic landscape in different multi-
potency genes. An increased methylation was observed
in the NANOG promoter after 10 days (Figure 4c, Figure
S2C, Figure S3A4), in OCT4 after 3 days (Figure 4d, f,
Figure S3B3) and in SOX2 after 3 and 10 days (Figure 4i,
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Transcriptional profile of DNA-modifying enzymes in -PDLCs and h-PDLCs. For analysis of gene expression, the total RNA

was extracted by the Guanidinium thiocyanate/Chloroform/Isopropanol method, followed by the reverse transcription of 2000 ng of total
RNA per 1 U of the enzyme reverse transcriptase. The basal gene expression of DNMT1 (A), DNMT3A (B), DNMT3B (C), TETI (D), TET2 (E),
TET3 (F) and after 3 and 10 days of osteogenic induction DNMTI (G, J), DNMT3A (H, K), DNMT3B (1, L), TETI (M, P), TET2 (N, Q) and
TET3 (0, R) were evaluated by qPCR reactions. The GAPDH, ACTB, and 18S genes were used as normalizers. The results were calculated by
the method (2 ~2“") and represent the mean + standard deviation of three independent experiments performed in technical duplicates.
Student’s t-test was used to compare 1-PDLCs versus h-PDLCs (** P < 0.001, *** P < 0.0001 and **** P < 0.00001) and ANOVA followed by
Tukey test for analysis between groups (T0, T3, and T10). * P < 0.05; ** P < 0.001, and *** P < 0.0001 when compared with TO and * P < 0.05;

** P <0.001, and *** P < 0.0001 when compared with T3
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FIGURE 4 Epigenetic landscape of multipotency genes during osteogenic induction of PDLCs. NANOG, OCT4, SOX2, and BAPXI gene
promoter methylation/hydroxymethylation patterns in I-PDLCs and h-PDLCs at basal levels (A, D, G, J) and after osteogenic induction (B, C;
E,F; H, I; K, L) were determined by qPCR reactions, after enzymatic treatment of the genomic DNA with T4 Phage -glucosyltransferase
(T4-BGT) enzyme, followed by digestion of MspI and Hpall. The relative levels were determined using the cycle threshold method (Ct) and
the methylation results are presented as Hpall-Mspl/control and the hydroxymethylation results are presented as MspI-control levels.
Student’s t-test was used to compare 1-PDLCs versus h-PDLCs and ANOVA followed by Tukey test for analysis between groups (T0, T3, and
T10). * P < 0.05; ** P < 0.001, and *** P < 0.0001 when compared with I-PDLC or TO and * P < 0.05; ** P < 0.001, and *** P < 0.0001 when

compared with T3. Significant positive correlation between r = 0.6 and 1

Figure S2G, Figure S3D3, D4). However, a significant
inversely correlation was observed only for the OCT4 gene
(Figure 4f, Figure S3B3, B4).

RUNX2 and ALPL genes (Figure 5a, g, Figure S5A, C)
were hypomethylated at basal levels in h-PDLCs, which
might be associated to their increased osteogenic poten-
tial. No significant differences were observed for SP7 (Fig-
ure 5d, Figure S5B), whereas for RUNX2 the inversely cor-

relation between gene expression and promoter methyla-
tion was observed (r = 0.8662) (Figure S5A) among cell
populations, suggesting methylation could play a role in
modulating its expression in PDLCs. Interestingly, during
osteogenic induction, only the RUNX2 gene had its epige-
netic landscape modified, with an increase in the methy-
lation levels observed after 10 days of osteogenic induction
in 1-PDLCs (Figures 5b, Figure S4A, Figure S5A2, A4). No
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FIGURE 5 Epigenetic landscape of osteogenic genes during osteogenic induction in PDLCs. RUNX2, SP7, ALPL, and COLIAI gene
promoter methylation/hydroxymethylation patterns in I-PDLCs and h-PDLCs at basal (A, D, G, J) and after osteogenic induction (B, C; E, F;
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t-test was used to compare 1-PDLCs versus h-PDLCs and ANOVA followed by Tukey test for analysis between groups (TO, T3, and T10). *

P < 0.05; ** P < 0.001 and *** P < 0.0001 when compared with 1-PDLCs or TO and * P < 0.05; ** P < 0.001, and *** P < 0.0001 when compared
with T3. Significant positive correlation between r = 0.6 and 1

significant correlations were observed for the other genes induction.?”-”® However, this is the first study to compare
analyzed (Figure 5, Figure S4, Figure S5). the 5-meC and 5-hmeC DNA marks along the genome,
between PDLCs with distinct osteogenic potential; in addi-
tion, gene expression of multipotentiality and osteogenic
4 | DISCUSSION markers were also compared. This study gains even more
prominence because PDLCs are good candidates for tissue
Studies have documented the methylation patterns across regeneration therapies because of their availability, prolif-
the genome of MSCs and its changes during osteogenic eration rates and potential for differentiation.?
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Several studies have been conducted aiming to under-
stand the biology of PDLCs.*"! However, the impact of
the individual epigenetic pattern on the osteogenic phe-
notype acquisition still represents a limiting barrier to the
predictability of cell therapy treatments. Here we show, for
the first time, the basal epigenetic panorama of 5-meC and
5-hmeC marks differ between both h- and 1-PDLCs; impor-
tantly, some differences were observed between the distri-
bution of methylated and hydroxymethylated CpGs sites,
in relation to their functional genomic annotation (posi-
tion in the gene), which points to distinct epigenetic regu-
lation among h- and I-PDLCs.

An increased amount of DMPs located in the TSS1500
transcription start regions and in the TSS200 region were
observed on 3rd and 10th days, respectively, in the I-
PDLCs, compared with h-PDLCs. In general, DNA methy-
lation in promoter regions, such as TSS1500, TSS200, and
1st exon, are associated with a decrease in gene expres-
sion; however, DNA hydroxymethylation could increase
this expression.*” Still, the results regarding the distri-
bution of DMPs in relation to the location related to
the CpG island revealed the majority of changes were
observed after 3 days of osteogenic induction, with a reduc-
tion in the amount of DMPs located in Open Sea and
an increase in island and N_Shore. Normally, island and
shore regions are near to regulatory regions, such as pro-
moters, with shore regions flanking island regions with
less CG content.>* The exact effect of DNA methylation
in shore regions is not completely understood, but it is
already known DNA modifications in this region are tissue
specific.®*

Previously, our group pointed out to an individual
pattern of transcriptional profile of non-coding RNAs,
osteogenic and multipotentiality genes, in PDLCs with dis-
tinct osteogenic potential.®° Here, we have confirmed this
individual profile at epigenetic levels through genome-
wide analysis, investigating whether the individual epi-
genetic background has impact on osteogenic potential.
The h- basal gene expression of the multipotentiality triad
NANOG/OCT4/SOX2 associated with h- NANOG/OCT4
protein content and 1- RUNX2 protein content, which was
promoted by its epigenetic inactivation, might have locked
the 1-PDLCs in a multipotent state, at least in the first
stages of osteogenic differentiation. This could contribute
to the final 1- osteogenic potential phenotype observed in
1-PDLCs (Figure 6). In addition, the multipotency genes
are able to positively regulate themselves; consequently,
they also act by repressing specific TFs, blocking the dif-
ferentiation and contributing to the maintenance of the
pluripotent state.>> In addition, those multipotentiality
genes also promote the expression of epigenetic factors
required to keep the specific lineage of TFs in a muted

state.> We believe the difference observed between the
basal expression of DNA-modifying enzymes, DNMTs, and
TETs, among PDLCs has impact on DNA methylation
status of RUNX2 promoter region, because NANOG and
DNMTs were later downregulated in I-PDLCs after early
osteogenesis, possibly allowing for the discrete phenotypic
change and increased expression of RUNX2. Expression
of genes related to multipotentiality is known to decrease
during osteogenic differentiation in MSCs.***” Similarly,
DNMTI1 and DNMT3B have been reported to be downreg-
ulated upon differentiation in vitro.*® Interestingly, here,
after osteogenic induction, h-PDLCs and 1-PDLCs have
responded differently with basal expression of multipoten-
tiality genes being opposite amongst them, with no alter-
ation of this pattern, after osteogenic induction. In addi-
tion, the increase in the RUNX2 expression (~ 15x) after the
initial osteogenic induction in h-PDLCs was not observed
in -PDLC.

Feng et al., have demonstrated the TET2 overexpression
during the osteogenic differentiation of MSCs derived from
human adipose tissue; in addition, its inhibition reduced
the expression of genes related to osteogenesis.>’ Posi-
tive regulation of TET2 and RUNX2 expressions were also
observed during osteogenic induction of BMSCs*’ and
PDLCs.” In fact, Assis et al., have highlighted the role
of DNA methylation and DNMTs expression in support-
ing the osteogenic potential in PDLCs.’ According to this
information, we show here that h-PDLCs has higher TET2
expression than 1-PDLCs, and its levels are later even more
upregulated. Overexpression of DNMT3A has also been
shown to abolish hypomethylation of RUNX2;* here, the
DNMT3A transcription, at basal levels, was lower in h-
PDLCs. These data suggest a joint action of the TET2 and
DNMT3A in RUNX2 transcriptional control, observed in 1-
PDLCs.

The acquisition of the osteogenic phenotype is also sup-
ported by the BAPX1 and Msh Homeobox 2 (MSX2) home-
odomain TFs, which act upstream of RUNX2 in the tran-
scription cascade, regulating osteoblastic differentiation.*?
Consistent with the fact that BAPX1 acts as a nega-
tive regulator of osteoblastic phenotypic acquisition, and
as a potent repressor of RUNX2 gene activity during
chondrogenic differentiation,”® our results showed the
expression of BAPX1 was much higher in 1-PDLCs com-
pared with h-PDLCs. Studies have shown the silencing
of BAPX1 promoted increased expression of the RUNX2
gene, as well as COLIAI, a late phenotypic marker of
osteoblastic differentiation;'® consistently with this, here
we showed 1- expression of BAPXI and h- expression of
the RUNX2 and COLIAI genes, in h-PDLCs. It is true that
the demethylation in the promoter region limits the con-
trol of the expression of osteogenic genes such as Bone
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FIGURE 6

Graphical representation of the molecular panorama of 1-PDLCs. Summary of molecular differences during osteoblast

phenotype acquisition (PDLCs x Osteoblast) found in our analysis. Increased expression of the triad of multipotentiality OCT4, SOX2,
NANOG, and the negative regulator of osteogenic phenotype BAPXI at basal levels along with increased expression of DNMT3A, TET1, and
TET3, accompanied by hypermethylation in the RUNX2 promoter and decrease in the expression of DNMT1, DNMT3B, and TET2 during
osteogenic induction, allows us to hypothesize the existence of an epigenetic osteogenic repressive complex that could lead to the decrease in

the osteogenic potential observed in 1-PDLCs

Gamma-Carboxyglutamate Protein (BGLAP), RUNX2 and
SP7,%% as well as multipotentiality genes, such as
NANOG.** Here, we show that DNA methylation in the
RUNX2 promoter is actually slightly higher whereas it is
lower in the NANOG promoter, in 1-PDLCs compared with
h-PDLCs; in addition, after 10 days of osteogenic induction,
the RUNX2 promoter was hypermethylated, with a signifi-
cant anti-correlation with its transcripts, in the I-PDLCs.
This result, supported by the fact that hypermethylation
promotes osteogenic genes silencing,*® suggest a refined
epigenetic mechanism of RUNX?2 transcriptional control,
acting to block or delay the osteogenesis in 1-PDLCs.

Based on previously published data and in our present
results, we propose the existence of a repressive com-
plex in 1-PDLCs, characterized by h- basal levels of
NANOG/OCT4/SOX2, BAPX1, DNMT3A and 1- basal levels
of TET2 transcripts, associated with the hypermethylation
of RUNX2 promoter. This repressive and more multipotent
state is enhanced by the osteogenesis induction, at least in
its early and middle stages that leads to the maintenance of
the RUNX2 hypermethylation, which could downregulate
its own RNA content.

It is worth to mention there are several genomic regions
potentially regulatory in each gene. Here, we decide to ana-
lyze CCGG content limited to proximal promoters; how-
ever, it is possible that, instead of proximal promoters, epi-
genetic changes at enhancers or distal promoters could
be involved in the fine-tuning of transcriptional regula-
tion. So, we cannot discard the DNA (hydroxy)methylation
changes as possible mechanisms involved in the genes ana-
lyzed here.

Epigenetic is responsible for controlling cellular dif-
ferentiation process through gene expression regulation.
Studies have shown that bone specific genes are acti-
vated by decrease of DNA methylation in their promoter
regions.”> Demethylating agents are promising alterna-
tives to improve the acquisition of osteogenic phenotype.
In a previous study, Assis et al. enhanced the osteogenic
potential in cells with 1- osteogenic potential, through
pre-treatment with a DNMT inhibitor (RG108).” Other
studies showed similar results, improving the acquisi-
tion of osteogenic potential through treatment with other
demethylating agents. Cho et al. treated human gingival
fibroblast (HGF) with a DNA methyltransferase inhibitor
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5-aza-dC, which induced hypomethylation status.*” Then,
they treated HGF with BMP2 and OM, which increased the
expression of the osteogenic markers RUNX2 and ALPL,
allowing acquisition of the osteogenic phenotype. Liu et al.
reported the decrease of DNA methylation was able to res-
cue osteogenic differentiation potential in PDLCs, under
h- glucose levels.’® A profound knowledge of the molec-
ular mechanisms, such as DNA methylation or hydrox-
ymethylation underlying PDLCs function and a detailed
characterization of the epigenetic modifications regulating
these cells might enable us to design better strategies to
promoter periodontal regeneration, with more predictabil-

ity.

5 | CONCLUSIONS

Here, we showed for the first time, the epigenetic differ-
ences detected at genome-wide level and at specific genes,
along with the individual transcription pattern might be
involved in controlling the acquisition of the osteogenic
potential, observed in I-PDLCs. The combined analysis of
our results also allows us to suggest the existence of a
repressive molecular complex of osteogenesis.
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