
Oral Diseases. 2023;00:1–11.	 wileyonlinelibrary.com/journal/odi�  | 1© 2023 Wiley Periodicals LLC.

1  |  INTRODUC TION

Bone repair and healing are major events in periodontal regenera-
tion requiring a well-defined sequential activation of molecular and 
signaling mechanisms, with a well-coordinated set of actions among 
different signaling pathways grouped in several steps, following a 
determined timeline sequence (Cho et al., 2002; Rux et al., 2017). 

These advances in our knowledge have been proposed in bone bio-
engineering and guiding researchers on looking for the ideal bioma-
terial (Baroncelli et al., 2019). Mechanistically, bone healing requires 
the recruitment and further proper differentiation of mesenchymal 
stem cells (MSC), promoting an adequate tissue repairment, by pre-
serving the tissue's original characteristics and functionality (Sheyn 
et al., 2016).
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Abstract
Background: Here, we evaluated whether the histone lysine demethylase 5B 
(JARID1B), is involved in osteogenic phenotype commitment of periodontal ligament 
cells (PDLCs), by considering their heterogeneity for osteoblast differentiation.
Materials and Methods: Epigenetic, transcriptional, and protein levels of a gene set, 
involved in the osteogenesis, were investigated by performing genome-wide DNA 
(hydroxy)methylation, mRNA expression, and western blotting analysis at basal 
(without osteogenic induction), and at the 3rd and 10th days of osteogenic stimulus, 
in vitro, using PDLCs with low (l) and high (h) osteogenic potential as biological models.
Results: h-PDLCs showed reduced levels of JARID1B, compared to l-PDLCs, with 
significant inversely proportional correlations between RUNX2 and RUNX2/p57. 
Epigenetically, a significant reduction in the global H3K4me3 content was observed 
only in h-PDLCs. Immunoblotting data reveal a significant reduction in the global 
H3K4me3 content, at 3 days of induction only in h-PDLCs, while an increase in the 
global H3K4me3 content was observed at 10 days for both PDLCs. Additionally, 
positive correlations were found between global H3K4me3 levels and JARID1B gene 
expression.
Conclusions: Altogether, our results show the crucial role of JARID1B in repress-
ing PDLCs osteogenic phenotype and this claims to pre-clinical protocols proposing 
JARID1B as a potential therapeutic target.
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The osteogenic potential of MSCs involves a highly regulated 
differentiation program aligning populations of distinct cellular 
phenotypes regulated by epigenetic mechanisms (Tai et  al., 2014). 
The epigenetic control of gene activity during osteoblastic differ-
entiation is controlled by a complex structural organization involv-
ing specific histone methylation/acetylation (Wu et al., 2017). Thus, 
during the process of MSCs differentiation, transcriptional control 
of gene expression is fundamental for normal phenotypic develop-
ment. Histone modifications guarantee chromatin compaction and 
specific transcriptional epigenetic patterns and are inherited from 
progenitor cells, thus greatly influencing osteogenic potential and 
impairment phenotype in regulation during progeny (Hargreaves & 
Crabtree, 2011; Zhu et al., 2013).

In this scenario, evaluating the molecular and cellular events that 
occur during osteogenic phenotype commitment from MSCs is very 
important to map some potential biomarkers, opening strategies to 
suggest them in biotechnological issues, such as periodontal break-
down. Thus, MSCs obtained from periodontal ligament (PDLCs) have 
gained a special interest in tissue bioengineering, once they present 
high proliferative capacity and the ability to recapitulate in vitro the 
most important and well-defined osteogenic stages, such as prolif-
eration, matrix organization, and mineralization (Seo et  al.,  2004). 
However, we must take into account the lessons from the osteo-
genic phenotype obtained from the differentiation of MSCs into ma-
ture osteoblastic cells, where there is a regulation that modulates 
the expression of the major genes of osteoblast differentiation, 
RUNX Family Transcription Factor 2 (RUNX2) and SP7 transcription 
factor (SP7) (Ducy et al., 1997).

Epigenetically speaking, it is now widely known that numerous 
enzymes can chemically modify the amino-terminal “tails” of his-
tone proteins, thereby altering the interaction with DNA and allow-
ing interactions with chromodomain and bromodomain-containing 
proteins that recognize the lysine acetylation and methylation sites 
(Bürglin & Affolter, 2016). The regulation of methylation in lysine res-
idues in histones by lysine demethylases (KDMs) has been shown to 
be important in the commitment of MSCs into osteoblasts (Gordon 
et  al.,  2015). In addition, the enzymes histone acetyl transferase 
(HAT) and histone deacetylase (HDAC) control the acetylation lev-
els of histones and thereby control gene expression (Lakshmaiah 
et al., 2014).

JARID1B is a JmjC family member, considered as a transcrip-
tional repressor, capable of demethylating the tri- and di-meth-
ylated marks of H3K4 (Zeng et  al.,  2010) and the only member 
of this family with roles associated to osteoblastic phenotypic 
acquisition (Rojas et  al.,  2015). In detail, the lysine demethylase 
JARID1B mediates the deposition and elimination of histone epi-
tope tags in the P1 promoter during the commitment of MSCs into 
osteoblastic lineages, therefore, controlling the activation and/or 
transcriptional repression of the Runx2/p57 (Rojas et  al.,  2019). 
Considering the complexity of this mechanism in bone and in 
line with the above mentioned, the characterization of epigene-
tic signatures may provide new insights into the involvement of 
JARID1B in the regulatory mechanisms of genes governing MSCs 

commitment, especially the RUNX2/p57 and SP7 transcriptional 
control. These findings can be highly relevant and promising to 
cell therapy and may contribute to identifying new approaches 
for tissue regeneration and bone disorders comprehension. Here, 
we aimed to evaluate whether the KDM JARID1B is involved with 
distinct osteogenic phenotype commitment by considering the 
heterogeneity of PDLCs for osteoblast differentiation and mineral 
nodules production.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and maintenance

PDLCs with high (h-PDLCs) and low (l-PDLCs) capacity of produc-
ing mineral nodules were obtained from healthy third molars from 
two 20-22-year-old subjects. The consent was obtained from all 
subjects by the Piracicaba Dental School, University of Campinas 
and carried out in agreement with a local Ethic Committee's register 
number: CAAE55588816.4.0000.5418. PDLC tissue isolation were 
performed as previously described by Silvério et al., 2010 and cul-
tured in a Dulbecco's Modified Eagle high glucose medium (DMEM) 
containing 20% fetal bovine serum (FBS), 100 U/mL of penicillin, and 
100 mg/mL of streptomycin. All cells were maintained at 37°C in a 
humidified atmosphere containing 5% CO2, and all the experiments 
were realized with cells in the passages P5-P7. The cell viability was 
determined by the trypan blue dye exclusion test.

2.2  |  In vitro osteoblast-differentiation model

l-PDLCs and h-PDLCs (25 × 104 cells) were seeded into 6-well plates 
in DMEM medium, containing 10% FBS and antibiotics. After 24 h of 
incubation at 37°C in a humidified atmosphere containing 5% CO2, 
the medium was replaced by osteogenic differentiation medium 
(OM) (ascorbic acid at 50 μg/mL, β-glycerolphosphate 10 mM, dexa-
methasone 10 nM) supplemented with 10% FBS and 1% antibiotics 
for 3 and 10 days (T3 and T10 groups, respectively) under osteogen-
esis in vitro induction. The control group (T0) was collected on the 
first day of the osteogenic differentiation induction.

2.3  |  Global DNA methylation analysis

For DNA isolation, l-PDLCs and h-PDLCs were cultured at 8.7 × 105 
cells per 100 mm dishes in complete culture medium or osteogenic 
medium, changing the medium every 3 days. Cells were collected 
at 3rd and 10th days. Two independent experiments were per-
formed. After each period, the culture medium was removed and 
washed two times with PBS, and then, the cells were scrapped 
off in extraction buffer with proteinase K. Total DNA was puri-
fied by extraction with phenol/chloroform/isoamyl alcohol, 
and DNA samples were stored at −20°C. DNA's concentrations 
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and quality were assessed using fluorometers (Qubit; Thermo 
Fisher Scientific Inc.) and spectrophotometer (Nanodrop 1000; 
Nanodrop Technologies LLC).

2.4  |  Oxidative bisulfite conversion

The oxidative bisulfite conversion reaction was performed using the 
oxidative bisulfite conversion kit (TrueMethyl oxBS Module; catalog 
#0414, NuGEN, Tecan Genomics Inc.). Before start, samples were 
pooled, combining 500 ng of each replicate. Then, 1 μg of DNA from 
pooled samples was purified and denatured. Pooled-DNA from 
each group was split in two equal reactions, one of which under-
went chemical oxidation followed by bisulfite conversion, the other 
underwent mock oxidation (oxidant replaced by water) followed by 
bisulfite conversion (Infinium Methylation EPIC beadchip; Illumina 
Inc.). All reactions were processed through the array protocol, fol-
lowing manufacturer's guidelines. Array bead chips were scanned 
(HiScanSQ system; Illumina Inc.).

2.5  |  Data processing

Beta values represent the measured (hydroxy)methylation values, 
based on the intensities of probes. Beta values range from 0 to 1 
and can be thought of as methylation percentage. Processing and 
statistical analysis of the array data was performed using the R sta-
tistical language (Gentleman et  al.,  2004). The raw idat files pro-
duced by Illumina platform were analyzed with minfi package (Aryee 

et al., 2014), applying SWAN normalization, producing a final data 
set containing probes and their fold-change values for each sample 
for further analysis. Genome studio performed quality control test, 
differentially methylated probes and annotated regions.

2.6  |  RNA isolation, cDNA synthesis, and 
qPCR conditions

Total RNA was extracted by TRIzol: chloroform method (Invitrogen) 
and 2 μg of total RNA was used for cDNA synthesis with Superscript 
II (Invitrogen), according to manufacturer's instructions. qPCR was 
carried out in a total of 20 μL, containing real-time PCR master mix 
(PowerUp™ SYBR™ Green Master Mix 2×; Applied Biosystems) 
(10 μL), specific primers (5 μM), 60 ng of cDNA, and nuclease free 
H2O in a real-time PCR master mix and thermal cycler (QuantStudio® 
3 Real-Time PCR; catalog #A28567, Thermo Fisher Scientific Inc.). 
Gene expression was expressed as compared to control cells by 
ΔΔCT method, using β-ACTIN, RPL19 and 18S represented on the 
plate as housekeeping controls. The primers sequence and PCR con-
ditions were expressed in the Table 1.

2.7  |  Western blotting analysis

The proteins were extracted in 500 μL Laemmli buffer [SDS 4%, glyc-
erol 20%, Tris-Cl (pH 6.8) 120 mM, bromophenol blue 0.02% (w/v) 
and DTT 0.1 M]. In short, 15 μL protein (50 mg) was resolved by SDS-
PAGE and blotted onto PVDF membranes (Immobilon FL; Millipore). 

TA B L E  1  Primers sequences and qPCR cycle conditions.

Gene (ID) Primers 5′-3′ sequence Reaction conditions Product size (bp)

OCT4 (5460) Forward GAA ATC CGA AGC CAG GTG TC 95°C—15 s; 62°C—30s; 72°C—30s 194

Reverse TCC TTC GCC TCA GTT TCT CC

NANOG (79923) Forward CGA GAC ATA GAC TAT CTG CCT GA 95°C—15 s; 60°C—30s; 72°C—30s 103

Reverse TTC TTC TCA GAC TAC CAT TCC G

RUNX2 (860) Forward CCG TCC ATC CAC TCT ACC AC 95°C—15 s; 57°C—30s; 72°C—30s 289

Reverse ATG AAA TGC TTG GGA ACT GC

RUNX2 p57 (860) Forward GGT TAA TCT CCG CAG GTC AC 95°C—15 s; 55.5°C—30s; 72°C—15 s 345

Reverse GTC ACT GTG CTG AAG GGA CT

SP7 (121340) Forward CCA GGC AAC ACT CCT ACT CC 95°C—15 s; 59°C—30s; 72°C—30s 473

Reverse GCC TTG CCA TAC ACCT TGC

JARID1B (10765) Forward TCC CAG GAG GAC ATT ATT GC 95°C—15 s; 55.5°C—30s; 72°C—15 s 203

Reverse CCT GCC TGA AAA ATG TGG TT

GAPDH (2597) Forward AAG GTG AAG GTC GGA GTC AA 95°C—10s; 58°C—30s; 72°C—30s 345

Reverse AAT GAA GGG GTC ATT GAT GG

β-ACTINA (60) Forward GCA CAG AGC CTC GCC TT 95°C—10s; 58°C—30s; 72°C—30s 253

Reverse GTT GTC GAC GAC GAG CG

18S (100008588) Forward CGG ACA GGA TTGACA GAT TGA TAG C 95°C—10s; 60°C—30s; 72°C—30s 118

Reverse TGC CAG AGT CTC GTT CGT TAT CG
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Membranes were blocked in Tris-buffered saline (TBS) with 0.05% 
Tween 20, albumin 2.5% (TBSTA) and incubated overnight at 4°C 
with appropriate primary antibody for Tri-Methyl-Histone H3 (Lys4) 
(CST #9727) and Histone H3, (CST #9715) followed by the appro-
priate horseradish peroxidase (HRP)-linked secondary antibodies in 
TBSTA for 1 h an ambient temperature. The immunoreactive bands 
were detected with enhanced chemiluminescence kit (BIORAD: 
1–800–424-6723).

2.8  |  Statistical analysis

Results were expressed as mean ± SD. Statistical analysis was per-
formed by Student's t test or by analysis of variance (ANOVA) fol-
lowed by the post hoc Tukey test, when more than two groups 
were compared, using GraphPad Prism 5 (GraphPad Software Inc.). 
Differences were considered significant at p < 0.05, in two-sided 
tests of statistical significance.

3  |  RESULTS

3.1  |  Basal gene expression patterns of JARID1B, 
pluripotency, and osteogenic genes differs in PDLCs 
with distinct capacity of producing mineral nodules

The osteogenic differentiation in vitro was performed up to 21 days 
and PDLCs from different donors responded distinctly to the clas-
sical osteogenic induction, which firstly validated the differential 
behavior of both lineages in mineralizing phenotypes (Figure 1a,b). 

By now, we distinguish those cells as follows: a cell line presenting 
higher capacity of producing mineral nodules (high-osteogenic po-
tential, h-PDLCs) and other with lower capacity of producing mineral 
nodules (low osteogenic potential, l-PDLCs), and we explored this 
condition to better understand the behavior of JARID1B in these 
both osteogenic phenotypes.

Since the gene expression of RUNX2, RUNX2/p57, and SP7 is hall-
marks of the osteoblast-lineage identity, we first investigated their 
transcript levels. Our data show l-PDLCs present reduced basal lev-
els (T0) in the RUNX2 and RUNX2/p57 transcripts and an increase in 
the SP7 transcript levels, when compared to h-PDLCs (Figure 1f–h). 
In this way, the difference in RUNX2/p57 and SP7 basal gene ex-
pression observed between both l-PDLCs and h-PDLCs makes clear 
the repressor effect of JARID1B during the osteoblastic pheno-
type and it reinforces the functional role for JARID1B in regulating 
PDLCs cell differentiation, acting as a barrier to the reprogramming 
process.

Considering the importance of POU5F1-POU-class-5-
homeobox-1 (OCT4) and NANOG-Homeobox (NANOG) as 
transcription factors required to maintain cell pluripotency and un-
differentiation state, we also evaluated their basal gene expression 
in both l-PDLCs and h-PDLCs. As expected, high levels of OCT4 and 
NANOG transcripts were observed in l-PDLCs (Figure 1c,d). Lastly, 
we investigated the involvement of JARID1B in osteoblastic pheno-
type development and our results demonstrated h-PDLCs present-
ing reduced basal levels (Figure 1e), when compared to l-PDLCs, with 
significant inversely proportional correlation between the RUNX2 
and RUNX2/p57 (Figure 1i,j). Together, this data set validates both l- 
and h-PDLCs as a tool for studying JARID1B involvement during the 
molecular steps required in MSCs-acquiring osteogenic phenotype.

F I G U R E  1  Basal gene expression patterns of JARID1B, pluripotency, and osteogenic genes differ in PDLCs with distinct capacity 
of producing mineral nodules. (a) Alizarin red staining after 21 days of osteogenic induction. (b) Representative photomicrographs of 
in vitro osteogenic differentiation with 10x magnification. NANOG (c), OCT4 (d), JARID1B (e), RUNX2 (f), RUNX2/p57 (g), and SP7 (h) gene 
expression in human mesenchymal stem cells derived from periodontal ligament (PDLCs), at T0 (unchallenged cells). Correlation analysis 
between JARID1B versus RUNX2 (i), RUNX2/p57 (j), and SP7 (k) gene expression levels, in PDLCs with low (l-PDLCs) and high (h-PDLCs) 
osteogenic potential. The relative gene expression levels were determined using the cycle threshold (Ct) method, plotting absolute values 
in the graphics. The results are represented as mean ± SD of three independent experiments. *p < 0.05; **p < 0.001, ***p < 0.0001, and 
****p < 0.00001.
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3.2  |  Differential expression of RUNX2, RUNX2/
p57, and JARID1B in PDLCs with distinct osteogenic 
phenotype during osteogenic stimulus

In order to explore the differential expression of JARID1B, both l-PDLCs 
and h-PDLCs were subjected to in vitro osteogenic stimulus model for 
3 and 10 days. Molecularly, we have investigated whether there were 
differences between both PDLCs in expressing RUNX2, RUNX2/p57, 
and SP7, and we have now noticed these mRNA profiles remained low in 
l-PDLCs responding to osteogenic stimulus (Figure 2a–c), except con-
sidering RUNX2 mRNA at 3 days of osteogenic challenge (Figure 2a). 
Conversely, h-PDLCs show stronger osteogenic potential by signifi-
cantly up-expressing all those 3 osteogenic biomarkers (Figure 2d–f), 
reaching approximately 10-fold changes increased of RUNX2 mRNA 
levels, compared to T0. Taken these results into account, it is possible 
to reinforce the potential effect of the epigenetic landscape in modu-
lating the expression of bone-related genes. Thereafter, NANOG and 
OCT4 genes were also investigated during osteogenic challenge, and 
our data show significant down-expression of both genes in l-PDLCs 
(Figure 2g,h), while h-PDLCs show up-expression of both mRNA pat-
terns at T10 (Figure 2j,k). Later, JARID1B mRNA was investigated in 
this biological model, considering both low and high-osteogenic po-
tential of PDLCs, and our data show an up-expression of JARID1B gene 
in l-PDLCs at T3 and down-expression at T10 (Figure 2i), while an op-
posite result was found by h-PDLCs (Figure 2l).

3.3  |  l- and h-PDLCs present distinct patterns of 
DNA (hydroxy)methylation in the JARID1B gene, 
during osteogenic differentiation

The probes identified for JARID1B gene (n = 45) presented lower 
AVG_Beta intensities of 5-meC and hypomethylated pattern 
in l-PDLCs compared to h-PDLCs, in both T3 and T10 groups 
(Figure  3a,b). The percentage of differentiated methylated probes 
(DMPs) was 11% hypomethylated in T3 and 33% hypomethylated 
and 5% hypermethylated in T10 (Figure 3c). The DMP's annotation 
was predominant in promoter (TSS1500 and TSS200), first exon and 
3′UTR gene regions (Figure 3d). In contrast, the AVG_Beta intensi-
ties of 5-hmeC were higher in l-PDLCs, presenting hyperhydroxym-
ethylated pattern, when compared to h-PDLCs, in both T3 and T10 
groups (Figure 3e,f), which favor the more permissive chromatin in 
those regions. The percentage of differently hydroxymethylated 
probes (DHPs) was 9% and 4% hyperhydroxymethylated in T3 and 
T10, respectively (Figure 3g). The DHP's annotation was predomi-
nant in promoter and 3′UTR gene regions (Figure 3h).

3.4  |  Negative modulation of RUNX2/p57 gene 
expression is correlated with high levels of JARID1B 
transcripts

Pearson's correlation analysis shows statistical significance for 
RUNX2/p57 gene expression (r > 0.96) for l-PDLCs, at 3 days of 

osteogenic stimulus (Figure  4b). At the same time, JARID1B gene 
expression is correlated with RUNX2 (r = 0.9514), RUNX2/p57 
(r = 0.9738), and SP7 (r = 0.9738) gene expression for h-PDLCs 
(Figure 4d–f).

We have also applied this strategy at 10 days of PDLCs re-
sponding to osteogenic stimulus, and significant correlations were 
observed for JARID1B gene expression versus RUNX2 (Figure  4g), 
RUNX2/p57 (Figure 4h), and SP7 (Figure 4i) mRNA patterns, only in 
l-PDLCs.

3.5  |  Global H3K4 methylation is modulated in 
PDLCs presenting distinct osteogenic phenotypes

At 3 days, immunoblotting data reveal a significant reduction in the 
global H3K4me3 content only in h-PDLCs, while an increase was ob-
served for both PDLCs, at 10 days of osteogenic stimulus (Figure 5a–
d), being this increase much higher in h-PDLCs than in l-PDLCs, when 
we compare T3 x T10 from both PDLCs and even when we compare 
h-PDLCs and l-PDLCs at 10 days (Figure 5c,d).

However, some inversely proportional correlations between 
global H3K4me3 levels and JARID1B gene expression with a 
Pearson's product moment above r = 0.8776 were observed for 
l-PDLCs, at 10 days (Figure  5f). Conversely, the correlations ob-
served in the h-PDLCs were not inversely proportional (Figure 5g,h).

In addition, the correlations between the global H3K4me3 levels 
and the osteogenic markers transcripts were inversely proportional 
with an increase in the global H3K4me3 levels and decrease in the 
RUNX2, RUNX2/p57, and SP7 gene expression, at 10 days considering 
l-PDLCs (Figure 5l–n). Contrary, the results in the h-PDLCs show the 
increase in the gene expression of the osteoblastic gene markers was 
accompanied by the global H3K4me3 level reduction (Figure 5o–q), 
at 3 days. In addition, a positive correlation for RUNX2 and SP7 genes 
was observed at 10 days of osteogenic stimulus (Figure 5r,t).

4  |  DISCUSSION

The main results of this study indicate a crucial role of JARID1B in 
repressing PDLCs osteogenic phenotype, proposing JARID1B as 
a potential therapeutic target for periodontal and bone regenera-
tion. Despite the advances in regenerative therapies based on stem 
cells, some issues still need to be elucidated. An important point this 
study aims to answer is when the patient presents PDLCs with low 
osteogenic potential, which could compromise the results of using 
their cells to correct bone and/or periodontal defects. Therefore, 
our findings suggest that JARID1B silencing could promote a bet-
ter osteogenic potential, bringing more promising results for bone 
regeneration of periodontal and/or bone defects.

It is known that RUNX2 is a transcription factor controlling bone 
development, and its epigenetic regulation is required to better un-
derstand osteoblast differentiation and potential bone disorders. A 
previous publication showed JARID1B as a key epigenetic compo-
nent in modulating mesenchymal cell fate into osteogenic lineage 
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F I G U R E  2  Differential expression of RUNX2, RUNX2/p57, and JARID1B in PDLCs with distinct osteogenic phenotype during osteogenic 
stimulus. qPCR analysis of RUNX2 (a, d), RUNX2/p57 (b, e), SP7 (c, f), NANOG (g, j), OCT4 (h, k), and JARID1B (i, l) of human mesenchymal 
stem cells derived from periodontal ligament (PDLCs), after 3 and 10 days of osteogenic stimulus. The relative gene expression levels were 
determined using the cycle threshold (Ct) method, plotting absolute values in the graphics. The results represented as mean ± SD of three 
independent experiments. *p < 0.05, **p < 0.001, ***p < 0.0001, and ****p < 0.00001. * when compared with T0 group and * when compared 
with T3 group.

F I G U R E  3  DNA (hydroxy)methylation patterns of JARID1B gene in l- and h-PDLCs, at 3 and 10 days of osteogenic differentiation. 
(a, e) The heatmaps represent the average beta values (AVG Betas) to methylation (5-meC) and hydroxymethylation (5-hmeC) of the 
probes detected to JARID1B gene (n = 45). (b, f) The scatter plots show the 5-meC and 5-hmeC delta betas between l-PDLCs and h-PDLCs 
probes. (c, g) The pie charts represent the percentage of differently methylated (DMPs) and hydroxymethylated (DHPs) probes in l-PDLCs 
(x h-PDLCs). (d, h)—The bar graphs show the DMP's and DHP's annotation (l-PDLCs x h-PDLCs), according to GENCODECOMPV12_GROUP 
reference.
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by regulating RUNX2 gene activity (Rojas et al., 2015). Now, we have 
focused on evaluating the importance of JARID1B on contributing to 
the osteogenic phenotype by considering non-transfected PDLCs, 
from two different donors, which present low- and high-osteogenic 
potential. It is tempting to assume that understanding the regulation 

of PDLCs during osteogenesis will contribute, in the near future, to 
the development of clinical trials of cell therapy in humans.

Herein, we found higher basal levels of OCT4 and NANOG in the 
l-PDLCs, compared to h-PDLCs, which agrees with previous publica-
tions from our group (Assis et al., 2021; Ferreira et al., 2022). Both, 

F I G U R E  4  Negative modulation of RUNX2/p57 gene expression is correlated with high levels of JARID1B transcripts. Correlation analysis 
between JARID1B versus RUNX2 (a, d, g, j), RUNX2/p57 (b, e, h, k), and SP7 (c, f, i, l) gene expression levels, in PDLCs with low (l-PDLCs) 
and high (h-PDLCs) osteogenic potential, after 3 and 10 days of osteogenic induction. Results were represented as mean ± SD of three 
independent experiments. *p < 0.05, **p < 0.001, and ***p < 0.0001. Significant positive correlation between r = 0.683 and 1.

F I G U R E  5  Global H3K4 methylation is modulated in PDLCs presenting distinct osteogenic phenotypes. Immunoblot of whole cell 
extracts from l-PDLCs (a) and h-PDLCs (b) using antibodies against H3K4me3 and H3. (c, d) Densitometric analysis of immunoblots was 
measured using the ImageJ Software normalized to the protein ratio of controls, which were normalized by 1, with H3 as loading control. 
Correlation analysis between global H3K4me3 levels versus JARID1B expression (e–h), global H3K4me3 levels with RUNX2 expression (i–r), 
RUNX2/p57 (j–s), and SP7 (k–t). Results were represented as mean ± SD of three independent experiments. **p < 0.001, ***p < 0.0001, and 
***p < 0.0001. Significant positive correlation between r = 0.683 and 1.
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OCT4 and NANOG genes are expressed in MSCs (Greco et al., 2007; 
Wei & Shen, 2011) and constitute the core network that regulates 
and suppresses differentiation-associated genes. In this sense, they 
are involved in keeping the state of non-differentiation and multipo-
tentiality of cells and could be, at least in part, related to lower levels 
of producing mineral nodules.

Additionally, our results also showed l-PDLCs expressing 
higher basal levels of JARID1B, compared to h-PDLCs, with signif-
icant inversely proportional correlations between the RUNX2 and 
RUNX2/p57. This data set validates both h- and l-PDLCs as a tool 
for studying JARID1B involvement during the molecular steps re-
quired in MSCs-acquiring osteogenic phenotype. In fact, we have 
reinforced the relevance of JARID1B in negatively modulating the 
bone-master RUNX2 gene, and it might explain that JARID1B lev-
els are sufficient to maintain the RUNX2 repression in myoblasts 
(Rojas et al., 2015).

When submitted to an osteogenic environment, PDLCs express 
several bone biomarkers. Thus, to explore the differential expres-
sion of JARID1B, both l-PDLCs and h-PDLCs were subjected to 
in  vitro osteogenic stimulus model for 3 and 10 days. Molecularly, 
we have investigated whether there were differences between both 
PDLCS in expressing RUNX2, RUNX2/p57, and SP7 genes, and we 
have now noticed these mRNA profiles remained low in l-PDLCs 
during the osteogenic stimulus, except RUNX2 mRNA at 3 days. On 
the contrary, h-PDLCs showed stronger osteogenic potential by sig-
nificantly up-expressing all three osteogenic biomarkers, reaching 
approximately 10-fold changes in mRNA RUNX2, compared with T0 
(unchallenged cells). Therefore, it is possible to suggest the poten-
tial effect of the epigenetic landscape in modulating the expression 
of bone-related genes. Further, our data show significant down-ex-
pression of NANOG and OCT4 genes in challenged l- PDLCs, while 
h-PDLCs show up-expression of both mRNA patterns at T10. Next, 
JARID1B mRNA was investigated in this biological model, consider-
ing both the low and high-osteogenic potential of PDLCs. The re-
sults showed an up-expression of JARID1B gene in l-PDLCs at T3 
and down-expression at T10, while the opposite result was found 
by h-PDLCs.

LSD1 was the first histone demethylase to be discovered, 
with action on H3K4 marker; however, LSD1 has been shown to 
be a component of both the repressing and activating complexes 
(Metzger et  al.,  2005). On the contrary, the member of the JmjC 
family (JARID1A, JARID1B, JARID1C, and JARID1D) is capable 
of demethylating the tri- and di-methylated marks of H3K4 (Zeng 
et  al.,  2010) and has traditionally been considered transcriptional 
repressors, since can catalyze the removal of H3K4 methylation 
(H3K4me3, H3K4me2), which is predominantly found in promoters 
of actively transcribed genes (Xhabija & Kidder, 2019). Interestingly, 
only JARID1B had its function demonstrated during osteoblastic 
phenotypic acquisition (Rojas et  al.,  2015). In order to better un-
derstand the epigenetic background of JARID1B gene, we first an-
alyzed its (hydroxy)methylation pattern in the Methylome dataset. 
The probes identified for JARID1B gene presented a hypomethylated 
pattern in l-PDLCs compared to h-PDLCs, in both T3 and T10, being 

predominantly in TSS1500 and TSS200, first exon and 3′UTR gene 
regions. In addition, l-PDLCs also presented hydroxymethylated pat-
terns stronger than h-PDLCs, in both T3 and T10, being predomi-
nant in promoter and 3′UTR gene regions. Interestingly, the increase 
of hypomethylated probes in l-PDLCs (x h-PDLCs) from T3 to T10 
(three times greater) was correlated with the decrease of hyperhy-
droxymethylated probes in the same groups (2 times smaller), indi-
cating a possible epigenetic regulation on JARID1B gene, mediated 
by DNA methyltransferases (DNMTs) and ten-eleven translocation 
(TETs) enzymes, which are agents of methylation and hydroxymeth-
ylation. However, this must be further investigated in the future. 
Altogether, these results show an epigenetic status more favorable 
to JARID1B expression in l-PDLCs, compared to h-PDLCs, during os-
teogenic differentiation.

Considering l-PDLCs present high levels of JARID1B transcripts, 
we decided to further analyze the correlation between the JARID1B 
gene expression and the levels of osteogenic gene markers in both 
low and high PDLCs, under the osteogenic stimulus. Pearson's cor-
relation analysis showed significance for RUNX2/p57 gene expres-
sion for l-PDLCs, and, additionally, JARID1B gene expression was 
also correlated with RUNX2, RUNX2/p57, and SP7 gene expression 
for h-PDLCs, at 3 days responding to osteogenic stimulus. Moreover, 
we applied this strategy at 10 days of PDLCs responding to os-
teogenic stimulus and significant correlations were observed for 
JARID1B gene expression versus RUNX2, RUNX2/p57, and SP7 mRNA 
patterns only in l-PDLCs. These data indicate that JARID1B gene ex-
pression is important in the osteogenic potential commitment and 
phenotype determination from MSCs. In addition, it has been shown 
that JARID1B plays an important role in myogenic lineage specifica-
tion from MSCs, by regulating the enrichment of H3K4me3 at the 
RUNX2 gene promoter (Rojas et al., 2015). In this study, the authors 
demonstrated that JARID1B silencing prevents the repression of 
the RUNX2 P1 promoter (RUNX2/p57) during myogenic differenti-
ation of MSCs, identifying JARID1B as a key component of a potent 
epigenetic switch responsible for controlling the fate of MSCs in 
myogenic and osteogenic lineages, acting as a barrier to the repro-
gramming process.

To evaluate H3K4 methylation during the osteogenic phenotype, 
we analyzed trimethylation levels in l-PDLCs and h-PDLCs, respond-
ing to osteogenic stimulus, and considering the two time points 3 
and 10 days. Firstly, immunoblotting data reveal a significant re-
duction in the global H3K4me3 content only in h-PDLCs, at 3 days, 
with an increase in the global H3K4me3 content at 10 days, for 
both PDLCs. However, inversely proportional correlations between 
global H3K4me3 levels and JARID1B gene expression were observed 
for l-PDLCs, at 10 days. Conversely, the correlations observed in 
h-PDLCs were not inversely proportional. Biochemically, H3K4me3 
mediates more efficiently the induction of gene expression in re-
sponse to environmental signals (Atlasi & Stunnenberg,  2017; Tan 
et al., 2014; Vastenhouw et al., 2010; Vermeulen et al., 2010). Our 
results show that the overall expression of H3K4me3 was decreased 
only during the initial phase of osteoblastic differentiation (3 days) 
in h-PDLCs, suggesting the osteoblastic phenotype from MSCs 
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is accompanied by the loss of H3K4me3 at global levels. This fact 
is directly related to the level of expression of JARID1B, since his-
tone demethylase is the enzyme responsible for the demethylation 
of H3K4me3 and repression of genes responsible for the mainte-
nance of pluripotency during the speciation of stem cells (Kidder 
et al., 2013).

Notably, h-PDLCs showed an increase in the osteoblastic gene 
markers' gene expression, accompanied by a decrease in the global 
H3K4me3 levels, only at 3 days. After this period, the correlations 
were not inverse anymore, as observe in l-PDLCs, in which the cor-
relations between global H3K4me3 levels and osteogenic markers 
transcripts were inversely proportional, at 10 days.

5  |  CONCLUSION

Taking into consideration the limitations of this study, our results 
show the crucial role of JARID1B in repressing PDLCs osteogenic 
phenotype, and this opens the necessity to better understand the 
behavior of this gene in bone disorders that compromise the osteo-
blast performance, proposing JARID1B as a potential therapeutic 
target for periodontal regeneration.
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