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ARTICLE INFO ABSTRACT

Keywords: Periodontal ligament-derived mesenchymal stem cells (PDLCs) possess selfrenewal and multilineage differenti-
OSFeogEHGVSiS ation capacities, supporting their application in regenerative therapies. However, PDLCs are regulated by
Epigenomics epigenetic mechanisms that influence chromatin accessibility and gene expression, and may exhibit distinct
Chromatin . . . . . . . . .
Histones phenotypes under osteogenic conditions. This study aimed to investigate whether differences in osteogenic
Stem cells potential of PDLCs (h-PDLCs and 1-PDLCs, high and low, respectively) correlate with the expression of key

transcription factors and epigenetic regulators. We performed qPCR for mRNA expression analysis, immuno-
fluorescence, and Western blotting for protein levels, as well as chromatin immunoprecipitation followed by
qRT-PCR to investigate H3K27me3 enrichment at the RUNX2 and SP7 promoter regions in PDLCs cultured under
basal conditions (DMEM, T0) and after 3 and 10 days of osteogenic induction (T3 and T10). At baseline, h-PDLCs
and 1-PDLCs exhibited distinct transcriptional and protein profiles. During osteogenic stimulation, EZH2
expression significantly increased in 1-PDLCs but decreased in h-PDLCs (p < 0.001), while KDM6B expression
decreased in 1-PDLCs and increased in hPDLCs (p < 0.0001). Analysis of RUNX2, RUNX2p57, and SP7 revealed
dynamic transcriptional modulation: RUNX2p57 and SP7 were downregulated in 1-PDLCs (p < 0,001), whereas
RUNX2 was upregulated in h-PDLCs (T3 and T10, p < 0,0001). Furthermore, 1-PDLCs exhibited greater accu-
mulation of the repressive histone mark H3K27me3, with significant enrichment at the RUNX2 and SP7 promoter
regions compared to h-PDLCs during osteogenic induction (p < 0.05). Together, these findings demonstrate that
low and high osteogenic potential of PDLCs correlate with coordinated differences in the expression of the
transcription factors RUNX2 and SP7 and the epigenetic regulators EZH2 and KDM6B, as well as with H3K27me3
enrichment patterns.

Transcription factor

1. Introduction than adipose-derived stem cells and possess angiogenic properties,

further supporting their potential in regenerative applications (Yeasmin

The oral cavity is a valuable source of mesenchymal stem cells
(MSCs), identified in tissues such as gingiva, dental pulp, and peri-
odontal ligament (Hargreaves et al., 2013). Among these, periodontal
ligament-derived mesenchymal stem cells (PDLCs) exhibit exceptional
self-renewal and multilineage differentiation potential, making them
promising candidates for bone and dental tissue engineering
(Cabana-Munoz et al., 2023). PDLCs display higher proliferative rates

et al., 2014; Liu et al., 2022).

For clinical purposes, PDLCs must differentiate into osteoblasts
capable of mineral deposition. However, their osteogenic commitment
varies among individuals (Assis et al., 2021; Assis et al., 2021; Ferreira
et al., 2022; Adolpho et al., 2022; Assis et al., 2022; Ferreira et al., 2023;
Ferreira et al., 2024). Under osteogenic conditions, PDLCs can adopt
phenotypes with either high (h-PDLCs) or low (I-PDLCs) mineralization
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potential. Previous studies have shown that 1-PDLCs exhibit hyper-
methylation of osteogenic genes, impairing their differentiation capacity
and delaying mineralization (Assis et al., 2021; Assis et al., 2022; Fer-
reira et al., 2022).

RUNX Family Transcription Factor 2 (RUNX2) and Sp7 Transcription
Factor (SP7) are widely recognized as key regulators of osteoblast dif-
ferentiation. The RUNX2/p57 isoform plays a pivotal role in osteoblastic
phenotype development and is tightly regulated by both repressive and
activating epigenetic mechanisms (Ducy et al., 1997; Meyer et al., 2014;
Tai et al., 2014; Wu et al., 2014; Rojas et al., 2015; Aguilar et al., 2016).
In murine models, deletion of either Runx2 or Sp7 abolishes bone for-
mation, confirming their essential role in skeletal development and their
relevance to human bone disorders (Mundlos et al., 1997; Lapunzina
et al., 2010). Moreover, Sp7 deficiency disrupts differentiation of
Runx2-expressing precursors (Zhou et al., 2010).

The osteogenic potential of MSCs is modulated by epigenetic
mechanisms affecting chromatin accessibility, such as histone methyl-
ation and acetylation. Polycomb Repressive Complexes (PRC1 and
PRC2) mediate chromatin silencing, with Enhancer of Zeste Homolog 2
(EZH2), the catalytic subunit of PRC2, catalyzing H3K27me3, a
repressive histone mark associated with transcriptional silencing of
osteogenic genes (Yu et al., 2008; Voigt et al., 2013). In contrast, lysine
demethylase 6 B (KDM6B) removes H3K27me3, promoting
lineage-specific gene activation and differentiation (Yeasmin et al.,
2014). KDM6B is a recognized regulator of osteogenic and odontogenic
differentiation in MSCs (Yeasmin et al., 2014).

Pharmacological inhibition of histone methylation has been shown
to restore RUNX2 and SP7 expression, increase alkaline phosphatase
(ALPL) activity, and enhance mineral deposition (Gopinathan et al.,
2013), suggesting that the osteogenic profile of periodontal progenitors
is associated with epigenetic regulation. Epigenomic and transcriptomic
analyses comparing h-PDLCs and 1-PDLCs identified EZH2 and KDM6B
as key regulators influencing chromatin accessibility and
osteogenesis-related gene expression (Assis et al., 2022).

Understanding these regulatory associations is important for eluci-
dating features of osteogenic commitment in PDLCs and may contribute
to novel strategies for regenerative, cell-based therapies. This study in-
vestigates the epigenetic regulation of osteogenic differentiation in
PDLCs with distinct commitment, focusing on the association between
EZH2, KDM6B and H3K27me3 profiles and RUNX2/SP7 transcriptional
patterns in PDLCs with distinct osteogenic commitment in vitro.

2. Material and methods

PDLCs were collected from extracted third molars from two subjects
aged between 20 and 22 years, after signing an informed consent
(CAAE55588816.4.0000.5418). The clinical data of tissue donor,
isolation, culture of PDLCs, population doubling times, the character-
ization of their ability to osteogenic differentiation, epigenetic and
transcriptomic profiles are detailed in our previous publications (Assis
et al. 2021, 2022; Ferreira et al. 2022, 2023, 2024). PDLCs with low
(1-PDLCs) and high (h-PDLCs) osteogenic profiles were cultured and
analyzed at TO - baseline (DMEM) and in osteogenic induction (OM) for
3 days (T3) and 10 days (T10). Cells at passages P6 — P8 were used with
three biological replicates for each experiment, except when stated
otherwise.

2.1. In vitro osteoblast-differentiation model

L-PDLCs and h-PDLCs (25 x 10* cells) were seeded into 6-well plates
in DMEM medium, containing 10% FBS and 1% Pen/Strep. The in vitro
osteogenic induction was performed with osteogenic medium (OM)
(ascorbic acid 50 pg/mL, p-glycerolphosphate 10 mM, dexamethasone
10 nM), supplemented with 10% FBS and 1% Pen/Strep for 3 and
10 days (T3 and T10 groups, respectively). The control group (DMEM,
baseline, TO) was collected on the first day, immediately before the onset
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2.2. RNA isolation, cDNA synthesis, and quantitative real time PCR
(qRT-PCR)

Total RNA was extracted by TRIzol:chloroform method (Invitrogen,
Thermo Fisher Scientific Inc., IL, USA) and 2 pg of total RNA was used
for cDNA synthesis with Superscript II (Invitrogen, Thermo Fisher Sci-
entific Inc., IL, USA), according to manufacturer's instructions. qPCR
was carried out in a total of 10 pL, containing 5 pL of real-time PCR
master mix (PowerUp™ SYBR™ Green Master Mix 2x; Applied Bio-
systems, CA, USA), 1 pL of specific primers (10 pM), 30 ng of cDNA, and
nuclease free Hy0 in a real-time PCR master mix and thermal cycler
(LightCycler 96 Instrument, Roche, USA). The results of three biological
replicates are presented as relative amounts of the target gene using
ACTB or 18S as inner reference genes. The primers sequences and PCR
conditions are shown in Appendix Table 1.

2.3. Immunofluorescence

The cells were incubated with primary antibody for H3k27me3 (Cell
Signaling, Danvers, MA, USA) and stained with Alexa Fluor 594 anti-
rabbit or mouse IgG (Invitrogen/Molecular Probes, Waltham, MA), fol-
lowed by staining with Alexa Fluor 488-labelled phalloidin probe
(Invitrogen/Molecular Probes, Waltham, MA), following the manufac-
turer's instructions and previous publication (da Silva RA et al., 2019).
The coverslips were mounted on glass slides using Fluoroshield with 4/,
6-Diamidine-2"-phenylindole dihydrochloride (DAPI) (Sigma, St. Louis,
MO, USA) and then visualized under an inverted laser scanning confocal
microscope (Leica TCS SP5).

2.4. Western blotting analysis

The protein extracts were obtained using a RIPA lysis buffer (Sigma
Aldrich) supplemented with protease inhibitors (Sigma Aldrich, Darm-
stadt, Germany) and the concentrations were determined using the
Lowry protein assay (da Silva RA et al., 2019). Equal amounts of protein
(50 pg) were loaded onto SDS-PAGE and blotted onto polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA) that were blocked
and incubated overnight at 4 °C with the primary antibody for
TriMethyl-Histone H3 (Cell Signaling, MA, USA) and Histone H3 (Cell
Signaling, MA, USA) and then with appropriate HRP-linked secondary
antibodies in blocking buffer for 1 h. Immunoreactive bands were
detected with an enhanced chemiluminescence kit (BIORAD, California,
USA). Densitometric analysis of immunoblots were measured using the
ImageJ Software (U. S. National Institutes of Health, Bethesda, MD,
USA) normalized to the protein ratio of controls, which were normalized
by 1, with H3 as loading control.

2.5. Chromatin immunoprecipitation (ChIP) and gRT-PCR analysis

ChIP analysis was performed as previously described [28], with some
modifications as described below, according to groups and periods of
time explained before in I-PDLCs e hPDLCs. Briefly, 1 x 10° cells plated
and grown on 150 mm dishes were crosslinked with 1.1% formaldehyde
for 10 min at 37 °C and the reaction quenched with 2,5 M glycine in
DPBS for 10 min. The cells were then washed two times in cold DPBS,
harvested, pooled, flash frozen, and stored at —80 °C. For each immu-
noprecipitation, 1 x 10° cells were first incubated in lysis buffer 1 (50
mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% NP40, 0.25% Triton X-100, 1x protease inhibitors) followed by
resuspension in lysis buffer 2.

(10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 1 x protease in-
hibitors). The chromatin was then sheared to a size up to 200 bp using a
cup horn sonicator (Fischer Scientific, Waltham, MA, USA) and clarified
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at 12,000 rpm for 10 min. An input fraction corresponding to 5% of the modification H3K27me3, histone H3K27 and IgG (Cell Signaling, Dan-
starting material was kept aside for ChIP normalization. Immunopre- vers, MA, USA). After overnight incubation at 4 °C, beads were washed 5
cipitation reactions were performed by incubating equal amounts of 200 times with 1X RIPA buffer (50 mM HEPES-KOH, pH 7.5; 500 mM LiCl; 1
ug of sheared chromatin with 100 pL of Dynabeads (Life Technologies, mM EDTA; 1.0% NP40; 0.7% Na-deoxycholate) and once with 1X TE
Carlsbad, CA, USA) prebound to 10 pg of antibody against the histone (10 mM Tris-HCI pH 8.0; 1 mM EDTA pH 8.0). Elution of protein-DNA
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Fig. 1. Basal characterization of the epigenetic mark H3K27me3, the epigenetic enzymes associated with H3K27me3 levels and key osteogenic genes.
qPCR results comparing transcript levels of EZH2, KDM6B, RUNX2, RUNX2p57 and SP7 (A-E). (F) WB results of H3K27me3/H3 in h-PDLCs and 1-PDLCs. Three
biological repeats were obtained for each group, each analyzed in technical triplicates. The relative gene expression levels were determined by using the cycle
threshold (Ct) method, and correspond to mRNA levels ratio normalized to ACTIN-B levels. Statistical diferences were performed by T Test (**p < 0.01; ***p < 0.001;
*#¥*p < 0.0001). Values are displayed as mean + SD. (G) IPDLCs and h-PDLCs were subject to immunostaining analysis and the data show an increase in the
immunostaining of H3K27me3 in the h-PDLCs. Nuclei were labelled with DAPI (blue) and cell membrane was labelled with falloindin conjugated with 633.
Magnification x40 (bars = 50 m). qPCR, quantitative polymerase chain reaction; PDLCs, periodontal ligament cells; h-PDLCs, high osteogenic potential; I-PDLCs, low
osteogenic potential; EZH2, Enhancer of Zeste 2 Polycomb Repressive Complex 2; KDM6B, Lysine Demethylase 6 B; RUNX2, Runt-Related Transcription Factor 2;
RUNX2 p57, bone-specific isoform of Runt-Related Transcription Factor 2; SP7, Sp7 Transcription Factor; H3K27me3, tri-methylation of lysine 27 on histone H3; H3,
Histone 3.
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complexes was carried out by incubating beads in elution buffer (50 mM
Tris-HCl, pH 8.0; 10 mM EDTA; 1.0% SDS) followed by crosslink
reversal at 65 °C overnight. DNA purification was carried out using DNA
Clean & Concentrator kit (Zymo Research, Irvine, CA, USA), following
manufacturer's guidelines. Real-time quantitative polymerase chain re-
action (PCR) was performed with SYBR green Master Mix (Life Tech-
nologies, Carlsbad, CA, USA) on a LightCycler 96 Instrument (Roche,
Basel, Switzerland), using specific primer pairs against promoter regions
of RUNX2 and SP7 [28] (Table 1). Amplification data for each primer
pair were normalized to input chromatin of H3K27, and histone modi-
fication enrichment data are presented after subtracting the values of
corresponding negative controls (beads alone). Graphed data are from
two independent ChIP reactions, in technical triplicates at PCR run,
performed for each condition and experimental period in each cell type.

2.6. Statistical analysis

All data were first evaluated for normality and homogeneity of
variance. Gene expression levels of EZH2, KDM6B, RUNX2, RUNX2p57,
SP7 and H3K27me3 protein at basal conditions were analyzed using an
unpaired t-test. For comparisons across basal and osteogenic conditions,
gene expression levels of EZH2, KDM6B, RUNX2, RUNX2p57, SP7, and
H3K27me3 protein were assessed using one-way ANOVA followed by
Tukey's post hoc test. Histone H3K27me3 enrichment data were
analyzed by two-way ANOVA followed by Tukey's post hoc test. All
statistical analyses were performed using GraphPad Prism version
10.2.3 (GraphPad Software, San Diego, CA, USA), and results were
considered statistically significant at p < 0.05.

3. Results

3.1. At basal conditions, I-PDLCs and h-PDLCs possesses distinct
transcriptional, protein and epigenetic landscapes associated with
osteogenic differentiation

The transcript levels of KDM6B (Fig. 1A) were significantly higher in
1-PDLCs compared to h-PDLCs (p < 0.0001), consistent with a chromatin
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profile commonly associated with a more active chromatin state in 1-
PDLGCs. In contrast, EZH2 (Fig. 1B) gene expression was significantly
elevated in h-PDLCs, reflecting a more repressive epigenetic profile at
basal condition. Regarding RUNX2 (Fig. 1C) we have observed a
significantly higher expression in h-PDLCs than in I-PDLCs (p < 0.01).
On the contrary, RUNX2p57 (Fig. 1D) and SP7 (Fig. 1E) exhibited
significantly higher expression levels in 1-PDLCs than in h-PDLCs. At the
protein level, the H3K27me3/H3 ratio (Fig. 1F) was higher in h-PDLCs,
consistent with their increased EZH2 expression, which is associated
with a more repressive chromatin state. These findings indicate that, at
the basal condition, 1-PDLCs and h-PDLCs possesses distinct transcrip-
tional and epigenetic landscapes associated with osteogenic
differentiation.

Fig. 1G shows an increase in the immunostaining of H3K27me3 in
the h-PDLCs, corroborating with the gene expression scenario observed
in the KDM6B and EZH2 transcript levels (Fig. 1A and B).

3.2. EZH2 and KDMG6B are dynamically regulated during osteogenic
differentiation in PDLCs

For 1-PDLCs, at basal levels (T0), EZH2 gene expression was rela-
tively low, however, following 3 days of osteogenic stimulation, there
was a significant increase (p < 0.001) in its mRNA levels (x TO0). In the
sequence, at 10 days of stimulation, the expression level showed a sig-
nificant decrease (p < 0.01) compared to T3 (Fig. 2A). On the other
hand, the h-PDLCs showed basal transcript levels similar to T3, with a
significant decrease at T10 (p < 0.001) (Fig. 2C). The KDM6B gene
expression in 1-PDLCs was higher in TO, with a significant decrease at T3
and T10 (Fig. 2B). While the gene expression of KDM6B decreases over
time in I-PDLCs, the opposite pattern occurs in h-PDLCs. At T3, a sig-
nificant upregulation (p < 0.01) was detected and at T10, the expression
increased even more compared to T3 (p < 0.001) and TO (p < 0.0001)
(Fig. 2D).
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Fig. 2. Transcriptional profile of the epigenetic enzymes EZH2 and KDM6B in PDLCs with distinct osteogenic phenotype during osteogenic induction.
Graphics show the qPCR results of EZH2 (A, C) and KDM6B (B, D) in 1-PDLCs and h-PDLCs at basal levels (T0) and after 3 and 10 days of osteogenic stimulus (T3 and
T10). The relative gene expression levels were determined by using the cycle threshold (Ct) method, and correspond to mRNA levels ratio normalized to ACTIN-B
levels. The results are represented as mean =+ SD of three independent experiments. Statistical diferences were performed by ANOVA one way followed by Tukey test.
**p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to TO; ***p < 0.001 compared to T3. h-PDLCs, high osteogenic potential; 1-PDLCs, low osteogenic potential.
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3.3. Dynamic transcriptional regulation of key osteogenic genes during
osteogenic stimulus

For 1-PDLCs, at baseline (T0), all three genes exhibited high expres-
sion levels. Upon 3 days of osteogenic stimulation, a significant increase
in RUNX2 expression was observed (p < 0.05), followed by a reduction
at 10 days (p < 0.0001 x T3), consistent with patterns typically associ-
ated with early osteogenic commitment. RUNX2p57 and SP7 gene ex-
pressions showed an opposite trend, with significantly reduced
expression at T3 and T10 compared to TO, suggesting both gene tran-
scripts might be downregulated during differentiation in these cells
(Fig. 3B and C). These findings highlight dynamic transcriptional pat-
terns of key osteogenic genes that correlate with differences in osteo-
genic potential between PDLC populations, where RUNX2 is transiently
upregulated during early differentiation, while RUNX2p57 and SP7
show progressive downregulation in 1-PDLCs.

In h-PDLCs, RUNX2 expression increased at T3 and remained
elevated at T10, with significant differences compared to TO (p <
0.0001) (Fig. 3D). Conversely, RUNX2p57 and SP7 showed significant
downregulations at T10 compared to T3 (p < 0.0001), indicating an
early activation but later downregulation as osteogenic differentiation
progresses (Fig. 3E and F).

3.4. [-PDLCs exhibit a more pronounced accumulation of H3K27me3

In 1-PDLCs (Fig. 4A), H3K27me3/H3 levels showed a progressive and
significant increase over time, with expression at T10 being significantly
higher than at TO (p < 0.0001), indicating enhanced chromatin
repression during osteogenic induction. In contrast, h-PDLCs (Fig. 4B)
exhibited a more moderate increase in H3K27me3/H3 levels across time
points. When comparing both populations, 1-PDLCs consistently
exhibited higher H3K27me3/H3 levels, particularly at T10, reaching
almost 4 times more than TO, suggesting a more repressive epigenetic
landscape associated with osteogenic differentiation in these cells. These
findings showed 1-PDLCs presented a more pronounced accumulation of
the repressive histone mark H3K27me3, potentially reflecting their
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lower osteogenic potential compared to h-PDLCs.

3.5. H3K27me3 is differentially enriched at RUNX2 and SP7 promoters
in I-PDLCs and h-PDLCs during osteogenic induction

To investigate the enrichment of the repressive mark H3K27me3,
specific sites within the promoter regions of the osteogenic markers
RUNX2 and SP7 were strategically selected for analysis. The results
presented in Fig. 5(A-C) indicate the H3K27me3 enrichment at the
RUNX2 and SP7 promoters differs between 1-PDLCs and h-PDLCs over
the osteogenic induction. In 1-PDLCs, although there was a tendency of
increased levels at T3, this increase was not statistically significant
comparing to TO or T10; on the other hand, it was significant compared
to h-PDLCs (T10) (p < 0.05); in contrast, in h-PDLCs, H3K27me3
enrichment is significantly decreased at T10 x TO (p < 0.05) (Fig. 5A).
The higher levels of H3K27me3 enrichment in 1-PDLCs (T3) x h-PDLCs
(T10) and the decrease in the H3K27me3 enrichment over time in h-
PDLCs, suggest a less repressive chromatin state at the RUNX2 promoter
in h-PDLCs. Similarly, Fig. 5B shows H3K27me3 enrichment at the SP7
promoter of h-PDLCs follows a comparable pattern to RUNX2,
decreasing its levels over the osteogenic induction period, being sig-
nificant lower at T10. In another specific site within the SP7 promoter
region (Fig. 5C), no statistically significant differences were observed
across time points or between cell populations, suggesting a finely tuned
epigenetic regulation not only at the gene level but also at distinct re-
gions within the same gene promoter. These findings highlight a dif-
ferential epigenetic regulation of RUNX2 and SP7 between these two cell
populations, which, when associated with other regulatory epigenetic
mechanisms, may reflect epigenetic features associated with differences
in osteogenic potential.

4. Discussion
The molecular mechanisms underlying the heterogeneity of the

osteogenic commitment of PDLCs remain poorly understood. Our group
has investigated epigenetic regulatory pathways modulating the
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potential; 1-PDLCs, low osteogenic potential.
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Fig. 5. The promoter-specific regions of RUNX2 and SP7 are characterized by distinct patterns of the repressive histone modification mark H3K27me3 in
both 1-PDLCs and hPDLCs. One region of RUNX2 (A) and two regions of SP7 (B, C) upstream to the transcription start site (TSS) of both genes were probed for
histone H3K27me3 enrichment with one primer pair each reagion. Primer binding sites location at promoters are —1136 to 1031 for RUNX2, 78 to —202 for SP7_1
and —1445 and —1315 for SP7 2 (Gopinathan et al., 2023). ChIP-qPCR based histone H3K27me3 (A, B, C) enrichment at those regions above indicated on RUNX2
and SP7 promoters, respectively. ChIP-qPCR analyses were independently performed with each primer pair and enrichment values (n = 3) are graphed as mean =+ SD.
Statistical diferences were performed by ANOVA two way followed by Tukey test and are graphed as mean + SD. * indicates statistical difference amongst T10 and
TO within the same cell population (p < 0.01). h-PDLCs, high osteogenic potential; 1-PDLCs, low osteogenic potential.

osteogenic phenotype of PDLCs, with a focus on how chromatin-based mechanisms influence differentiation potential (Ferreira et al., 2024;
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Assis et al., 2022; Ferreira et al., 2023; Ferreira et al., 2024). Here, we
show that PDLCs with distinct osteogenic potentials display consistent
differences in transcriptional and epigenetic profiles that correlate with
the expression of the transcription factors RUNX2 and SP7 and the
epigenetic regulators EZH2, KDM6B, and H3K27me3.

EZH2 mediates trimethylation of histone H3 at lysine 27
(H3K27me3), a repressive histone mark linked to chromatin condensa-
tion and transcriptional silencing. Its role in osteogenic differentiation is
context dependent. In this study, h-PDLCs exhibited higher EZH2 and
H3K27me3 levels, coupled with low RUNX2p57 and SP7 transcript
abundance at baseline. Upon osteogenic induction, RUNX2, RUNX2p57,
and SP7 transcripts increased, consistent with greater osteogenic
commitment. In contrast, l-PDLCs showed EZH2 transcript levels nearly
threefold higher than h-PDLCs at induction onset, with low RUNX2,
RUNX2p57, and SP7 expression, consistent with reduced commitment.
These associations are consistent with previous reports showing that
EZH2 suppresses osteogenesis in MSCs by repressing key osteogenic
genes, including RUNX2 and SP7 (Hemming et al., 2014; Dudakovic
etal., 2020; Liu et al., 2022). Conversely, KDM6B, a histone demethylase
that specifically removes H3K27me3, was more highly expressed in
h-PDLCs, particularly at early differentiation stages consistent with its
previously described involvement in osteogenic differentiation by acti-
vating transcription of osteogenic genes (Yang et al., 2013; Wu et al.,
2017; Gopinathan et al., 2023). The reciprocal regulation between EZH2
and KDM6B observed here supports the concept that the dynamic bal-
ance between methylation and demethylation of H3K27 is critical for
MSC fate decisions (Yang et al., 2013).

An intriguing observation was the increase in H3K27me3 protein
levels despite reduced EZH2 expression at T10. This could be explained
by: (1) a self-reinforcing feedback mechanism whereby H3K27me3 re-
cruits PRC2 to propagate the mark even with limited enzymatic avail-
ability (Zhang et al., 2015); (2) the inherent stability of this histone
modification (Margueron and Reinberg, 2011); and (3) reduced deme-
thylase activity, as in I-PDLCs, which may lead to H3K27me3 accumu-
lation independently of EZH2 (Laugesen et al., 2019). In this study,
KDMG6B expression decreased in 1-PDLCs but increased in h-PDLCs,
potentially explaining discrepancies between enzyme expression and
histone mark abundance.

A limitation of this work is the absence of protein-level data for EZH2
and KDM6B. RUNX2 is a master transcription factor for osteoblast dif-
ferentiation. Here, its transcripts displayed a biphasic expression pattern
during osteogenic stimulation, with early and sustained upregulation in
h-PDLCs, consistent with its role in initiating osteogenic programs and
activating downstream targets such as SP7 (Nakashima et al., 2002;
Bialek et al., 2004; Komori, 2010; Li et al., 2017).

Differences in RUNX2p57 and SP7 expression between PDLC pop-
ulations suggest fine-tuned regulation of osteogenic transcriptional
networks, likely mediated by epigenetic modifications. SP7 expression is
known to be tightly regulated by chromatin remodeling and is sensitive
to EZH2 activity (Hojo et al., 2022; Li et al., 2020). Persistent
H3K27me3 enrichment at RUNX2 and SP7 promoters in I-PDLCs may be
associated with reduced transcriptional activation, whereas removal of

Appendix

Table 1Primer sequences and qPCR and ChIP qPCR cycle conditions.
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these marks in h-PDLCs facilitates expression. Similar mechanisms have
been described in bone marrow—derived MSCs, where H3K27me3
removal is a prerequisite for efficient osteoblastogenesis (Wei et al.,
2011; Dudakovic et al., 2020; Montecino et al., 2021; Gao et al., 2024).
Importantly, the present study is based on correlative analyses and does
not establish direct causal relationships between EZH2/KDM6B activity,
H3K27me3 enrichment and osteogenic differentiation. Functional
perturbation studies will be required to directly test the mechanistic
contribution of these epigenetic regulators to PDLC osteogenic
commitment. Within this context, the strength of the present work lies in
the consistency of these correlations across transcriptional, protein, and
chromatin-level analyses.

Collectively, these findings show that differences in osteogenic po-
tential among PDLCs correlate with coordinated changes in the
expression of RUNX2 and SP7 and in epigenetic features involving
EZH2, KDM6B, and H3K27me3, supporting epigenetic profiling as a
valuable approach to characterize osteogenic heterogeneity in peri-
odontal ligament cells.
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Gene Primers qPCR 5’ - 3’ sequence Reaction conditions bp

RUNX2 Forward CCGTCCATCCACTCTACCCA 95 °C—155; 57 °C—305; 72°C—30 s 289
Reverse ATGAAATGCTTGGGAACTGC

RUNX2p57 Forward GGTTAATCTCCGCAGGTCCA 95 °C—15; 55 °C—305; 72 °C—30 s 345
Reverse GTCACTGTGCTGAAGGGACT

SP7 Forward CCAGGCAACACTCCTACTCC 95 °C—155; 59 °C—30s; 72°C—30 s 473

(continued on next page)
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(continued)
Gene Primers qPCR 5’ - 3/ sequence Reaction conditions bp
Reverse GCCTTGCCATACACCT TGC
P-ACTIN Forward GCACAGAGCCTCGCCTT 95°C—10s; 58 °C—30s; 72°C—30's 253
Reverse GTTGTCGAC GACGAG CG
Gene Primers ChIP qPCR 5'- 3’ sequence Reaction conditions
RUNX2 Forward ACCCAAACCCTGCAAAATCT 95°C—10s; 57 °C—2055;72°C—30s
Reverse TTCTTGAGCCTCTGTGCTGA
SP71 Forward TGTGTGTCCGTCTGTGTTCA 95°C—10s; 57 °C—20s;72°C—30's
Reverse GAGAGACTGGAACGCACTGA
SP7.2 Forward TCTATCAGCCACCTGGTTCC 95 °C—10s; 57 °C—205; 72°C—30 s
Reverse CAGCAGGTAGGCACCAATTT
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