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Introduction: Periodontitis is the sixth most common human disease and epigenetic regulation is
identified to affect the functions of stem cells. This research aims to analyze the role of histone deme-
thylase Lysine-specific demethylase 5A (KDM5A) in human periodontal ligament stem cells (hPDLSCs)
with periodontitis.
Methods: hPDLSCs were treated with porphyromonas gingivalis-lipopolysaccharide (Pg-LPS) and sub-
jected to osteogenic induction. The expression of KDM5A was detected by RT-qPCR and Western blot.
Then, KDM5A expression patterns in hPDLSCs were measured and then silenced using shRNA to explore
its role in osteogenic differentiation (OD), proliferation, and migration of hPDLSCs. ChIP assay was used to
analyze the relationship between KDM5A and miR-495-3p, Western blot was used to detect H3K4me3
and RT-qPCR was used to detect miR-495-3p expression. CPI-455 (specific KDM5 inhibitor) was adopted
to confirm the role of H3K4me3, and dual-Luciferase assay indicted the relationship between miR-495-
3p and homeobox C8 (HOXC8). A functional rescue experiment was designed to analyze the role of miR-
495-3p in hPDLSCs with periodontitis.
Results: KDM5Awas highly expressed in LPS-treated hPDLSCs. Downregulation of KDM5A promoted OD,
proliferation, and migration of hPDLSCs. Mechanically, KDM5A inhibited miR-495-3p expression by
demethylation of H3K4me3 to enhance HOXC8 transcription. Downregulation of miR-495-3p could
weaken the effect of sh-KDM5A to promote OD, proliferation, and migration of hPDLSCs.
Conclusions: KDM5A could bind to the miR-495-3p promoter and inhibit miR-495-3p expression by
demethylation of H3K4me3 to enhance HOXC8 transcription, thereby increasing the HOXC8 and limiting
OD, proliferation, and migration of hPDLSCs with periodontitis.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Periodontal diseases are common oral conditions with a
worldwide prevalence of 20%e50% [1]. One of the periodontal
diseases prevailing in adults is periodontitis, which is a chronic
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inflammatory disease and may finally lead to alveolar bone loss
[2,3]. Periodontitis occurs when bacterial infection initiates
immuno-inflammatory responses to clean the source of infection
and repair damaged tissues [4]. Thewhole process activates a series
of inflammatory and bone metabolism-related signaling pathways
[4,5]. Destruction of the periodontium is the major cause of peri-
odontitis and human periodontal ligament stem cells (hPDLSCs)
exert significance in periodontium regeneration [6,7]. Therefore,
exploring the function of hPDLSCs and themolecular mechanism of
hPDLSCs injury is beneficial to the treatment of periodontal
diseases.
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Previous studies have demonstrated that epigenetic regulations
exert effects on the differentiation of stem cells [8,9]. Epigenetic
regulations include DNA methylation, histone modification, chro-
matin remodeling, and alteration of noncoding RNA [10]. Histone
demethylases could act as epigenetic regulators for the treatment
of various diseases and cancers [11,12]. Especially, KDM5A could
catalyze the demethylation of methylated lysine 4 of histone H3
(H3K4me3) and plays a negative role in osteogenic differentiation
(OD) during osteoporosis [13,14]. The role of histone demethylase
KDM5A in the functions of hPDLSCs has not been reported at home
and abroad.

microRNAs (miRNAs), a class of small non-coding RNAs, are also
involved in the epigenetic regulation network [15]. Emerging evi-
dence has verified that miRNAs also play a role in the OD of stem
cells [16,17]. KDM5A is reported to bind to the miR-495 promoter
and promote cell proliferation and migration in prostate cancer
[18]. More importantly, previous researchers have discovered that
miR-495 is upregulated in rats with periodontitis and could inhibit
inflammatory reactions and enhance bone differentiation in
ankylosing spondylitis [19,20]. However, the literature about the
regulatory mechanism of miR495 and KDM5A in periodontal dis-
eases is limited worldwide. In this research, we aim to figure out
the role of histone demethylase KDM5A in hPDLSCs with peri-
odontitis and find a potential therapeutic target for periodontitis.

2. Materials and methods

2.1. HPDLSCs isolation

First, 4 premolar teeth were obtained from 4 patients (19e22
years old, 2 females and 2 males) due to orthodontic treatment and
placed in centrifuge tubes with precooled phosphate buffer salt
(PBS) (Corning, Wuhan, Hubei, China). Teeth werewashed with PBS
containing 1% streptomycin (Beyotime, Shanghai, China) and 1%
penicillin (Beyotime, China). The periodontal tissue was scraped
from the root of the tooth with a sterile scalpel and cut into pieces
with a diameter of less than 1mm. Then, tissue pieces were washed
3 times with PBS and attached to the bottom of cell culture flasks
containing a-MEM (Gibco, New York, USA) supplemented with 20%
fetal bovine serum (FBS). After 4 h, the cell culture flask was flipped
and tissue pieces were incubated with 5% CO2 at 37 �C. The culture
mediumwas changed every 3 days until the cells were grown out of
the tissue. Cells were sub-cultured upon 90% confluence. All ex-
periments used the cells of the third generation.

2.2. HPDLSCs identification

According to the instructions, Flow cytometry kits (BD Bio-
sciences, USA) were utilized to detect cell surface markers.
HPDLSCs of the third generationwere incubated with fluorescence-
activated cell sorting (FACS) buffer containing 2% FBS and PBS.
Then, following antibodies were added to the FACS buffer: CD90
(ab23894, Abcam, Cambridge, MA, USA), CD105 (ab2529, Abcam),
CD45 (ab8216, Abcam) and CD34 (ab81289, Abcam). Subsequently,
flow cytometry was used to detect the signals of labeled cells and
FlowJo software (Beckman Coulter, Fullerton, CA, USA) was used for
data analysis.

With regard to osteogenic potential detection, hPDLSCs were
seeded into 6-well plateswith a density of 2� 105/well and cultured
in osteogenic induction (OI) medium [a-MEM medium containing
10% FBS, 50 mg/mL vitamin C (Sigma, CA, USA), 10 nmol/L dexa-
methasone (Solarbio, Beijing, China), and 10 mmol/L b-glycer-
ophosphate]. Themediumwas changed every 3 days. After 28 d, the
cells were fixed with 4% polyformaldehyde for 30 min and stained
with 2% alizarin red (Sigma). As for adipogenic induction detection,
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hPDLSCs were seeded into adipogenic induction medium [a-MEM
medium containing 10% FBS, 0.2 mM indomethacin (Sigma), 2 mM
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma) and
0.01 mg/mL insulin (Sigma)]. After 28 d, the cells were stained with
oil red O (Solarbio, Beijing, China) and imaged under a microscope
(Olympus IX73, Tokyo, Japan).

2.3. HPDLSCs treatment

PLKO.1-lentivirus shRNA vector targeting KDM5A and its nega-
tive control (NC) were synthesized by Open Biosystems (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). miR-495-3p inhibitor
and NC lentiviral vector were purchased from Gene Pharma
(Shanghai, China). HPDLSCs were treated with 10 mg/mL porphyr-
omonas gingivalis lipopolysaccharide (Pg-LPS) to simulate peri-
odontitis [21]. To explore hPDLSCs' OD ability, OI medium [a-MEM
medium containing 10% FBS, 50 mg/mL vitamin C, 10 nmol/L
dexamethasone, and 10 mmol/L b-glycerophosphate] was utilized
and changed every 3 days. CPI-455 is a specific KDM5 inhibitor
(MedChemExpress LLC, NJ, USA). IC50 is to KDM510 nM. According
to the manufacturer's instructions, CPI-455 or PBS was used to treat
hPDLSCs.

To analyze the role of KDM5A and miR-495-3p in the OD of
hPDLSCs, hPDLSCs were treated with Pg-LPS for OI. To analyze the
role of KDM5A and miR-495-3p in the proliferation and migration
of hPDLSCs, Pg-LPS-treated hPDLSCs were seeded into 6-well plates
and transfected with PLKO.1-lentivirus shRNA at a concentration of
60 nM.

2.4. Alkaline phosphatase (ALP) staining and ALP activity
determination

HPDLSCs were fixed with polyformaldehyde for 30 min at 7 d
after incubation in OI medium. Then, ALP staining kits (Beyotime)
were used to stain hPDLSCs at 37 �C for 15 min. Meanwhile, at 7 d
after incubation, hPDLSCs were lysed in Triton-X 100 (Solarbio,
Beijing, China) and ALP activity was detected using ALP activity
assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China). Finally, the microplate reader (SPECTROstar Nano,
BMG Labtech, Germany) was applied to detect the absorbance at
520 nm.

2.5. Alizarin red staining

HPDLSCs were incubated in OI medium for 14 d. Then, the cells
were fixed with 70% cold ethanol for 1 h and then washed with
ddH2O2. Next, the cells were stained with alizarin red dyeing at
gentle agitation for 15 min and then washed with ddH2O2 5 times.
To assess the degree of mineralization, hPDLSCs were rinsed in 10%
(w/v) cetylpyridinium chloride (Sigma) for 1 h and quantified by
spectrophotometry at a wavelength of 560 nm.

2.6. Cell counting kit-8 (CCK-8) method

CCK-8 method was applied to detect the proliferation of
hPDLSCs. In brief, hPDLSCs were seeded into 96-well plates at the
density of 2000 cells/well. CCK-8 solution replaced the cell culture
medium at 1d, 2d, and 3d, and then amicroplate readerwas used to
measure the absorbance at 450 nm.

2.7. Colony formation assay

To measure the colony formation ability of HPDLSCs, 250
hPDLSCs were seeded into the culture dish containing 10% FBS.
After 14 d, the cells were fixed with 4% polyformaldehyde and



Table 1
Primer sequence information.

Name of primer Sequences (50-30)

HOXC8 F: ATGAGCTCCTACTTCGTCAACCC
R: TTAGTCCTTGTTTTCTTCCTTTTCC

miR-495-3p F: AAACAAACATGGTGCACTTCTT
R: AAGAAGTGCACCATGTTTGTTT

Runx2 F: ATGGCATCAAACAGCCTCTTCAG
R: TCAATATGGTCGCCAAACAGAT

OCN F：F: ATGAGAGCCCTCACACTCCTCGC
R: CTAGACCGGGCCGTAGAAGCGC

OPN F: ATGAGAATTGCAGTGATTTGCTT
R: TTAATTGACCTCAGAAGATGCACTA

KDM5A F: ATGGCGGGCGTGGGGCCGGGGGGCTA
R: CTAACTGGTCTCTTTAAGATCCTCC

GAPDH F: ATGGTTTACATGTTCCAATATGA
R: TTACTCCTTGGAGGCCATGTGG

U6 F: AACGATACAGAGAAGATTAGCAT
R: TTCACGAATTTGCGTGTCATCCTT
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stained with 0.1% crystal violet (Solarbio, Beijing, China). Subse-
quently, the number of cell clones was counted using an inverted
microscope (Leica DMi8-M, Co. Ltd., Solms, Germany).

2.8. Flow cytometry

Annexin V-fluorescein isothiocyanate (FITC) kits (BD Bio-
sciences, San Jose, CA, USA) were used to detect cell apoptosis in
strict compliance with the instructions. Briefly, hPDLSCs were de-
tached with 0.25% trypsin and centrifuged at 800 g and the su-
pernatant was discarded. Then, the cells were washed with
0.01 mol/L PBS and resuspended in the binding buffer. Subse-
quently, 1 � 106 cells were stained with 5 mL Annexin V-FITC and
10 mL propidium iodide under conditions devoid of light. Flow cy-
tometer was used to detect cell apoptosis.

2.9. Transwell assay

The Transwell chamber was used to detect the migration ability
of hPDLSCs. a-MEMmediumwas used to resuspend hPDLSCs at the
density of 8 � 104 cells/well and then the cell suspension was
placed in the upper chamber, and a-MEM with 10% PBS was added
into the lower chamber. Later, the Transwell chamber was incu-
bated with 5% CO2 at 37 �C for 24 h. The cells that did not migrate
were discarded and the remaining cells were fixed with 4% poly-
formaldehyde for 10 min and stained with 0.5% crystal violet.
Stained cells were washed gently with tap water and counted un-
der an inverted microscope.

2.10. Enzyme-linked immunosorbent assay (ELISA)

HPDLSCs were lysed in 0.25% trypsin and centrifuged at 16000g
for 15 min to collect the supernatant. According to the manufac-
turer's instructions, ELISA kits were used to detect the level of tu-
mor necrosis factor-a (TNF-a) (ab181421, Abcam), interleukin-1b
(IL-1b) (ab100562, Abcam) and interleukin-10 (IL-10) (ab185986,
Abcam).

2.11. Chromatin immunoprecipitation (ChIP) assay

ChIP-quantitative polymerase chain reaction (qPCR) was con-
ducted following the standard protocol of commercial kits (Beyo-
time, China). Briefly, hPDLSCswere fixedwith 1% formaldehyde and
the cell lysis buffer was processed by ultrasound to obtain frag-
ments. The fragments were incubated with the primary antibody
KDM5A (ab194286, Abcam) or immunoglobulin G (ab133470
Abcam) at 4 �C overnight to conduct Immunoprecipitation reaction.
Then, the precipitate was eluted and immunoprecipitated DNAwas
purified by universal DNA purification kits (TIANGEN BIOTECH Co.,
Ltd., Beijing, China). Purified DNA was analyzed using real time-
qPCR (RT-qPCR). The enrichment level was calculated according
to a previous method [22]. First, two ChIP DNA fractions were
normalized to input DNA fraction, where input dilution factor was
10 as 10% of IP reactionwas used as input according to the formula:
DCt [normalized ChIP] ¼ Ct [ChIP] � (Ct [input] Log2 input dilution
factor). Meanwhile, DCt [normalized IgG mock] was calculated for
IgG (mock) sample. Lastly, the fold enrichment was calculated as 2
�[DCt normalized ChIP � DCt normalized mock]. ChIP primers: forward
primer, 50-GATGTGTTTCTCACGGTTTGCC-30; reverse primer, 50-
CACGGTAATTGTGCATCATTTG-30.

2.12. Dual-luciferase assay

Targetscan (http://www.targetscan.org/vert_71/) was used to
predict the binding relationship between miR-495-3p and HOXC8
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3'untranslated region (30UTR). Then, GenScript (Nanjing, Jiangsu,
China) was used to construct HOXC8 30UTR-wild type (WT)/mutant
type (MUT). With the aid of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), HOXC8 WT/MUT and miR-495-3p mimic or
miR-495-3p mimic-NC (GenePharma, Shanghai, China) were
transfected with 293T cells (ATCC, China). After 48 h, a Dual-
luciferase reporter gene detection system was applied to assess
luciferase activity.

2.13. RT-qPCR

TRIzol (Invitrogen) was used to take total RNA, and 1 mg total
RNA was reversely transcribed into complementary DNA using
PrimeScript™ RT kits (Takara, Japan). RT-qPCR was conducted by
CFX133a (RT-qPCR assay system) (Bio-Rad Laboratories, Hercules,
CA, USA) using SYBR Advantage qPCR Premix (Takara) to detect
gene expression. GAPDH or U6 was set as an internal reference. The
2�DDCt method was used to calculate the relative expression [23].
Primers are shown in Table 1.

2.14. Western blot

The cells were lysed using high RIPA lysis buffer (P1003B, Beyo-
time, Shanghai, China) to obtain total protein. Bicinchoninic acid
(BCA) kits (Beyotime) were used to detect protein concentration.
Proteinswere separated fromsodiumdodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride mem-
branes (Kaihong, Shenzhen, Guangdong China). The membrane
blockade was conducted using Tris-buffered saline tween buffer
containing 5% skimmilk at 37 �C for 1 h, followed by incubationwith
the primary antibodies Runt-related transcription factor 2 (Runx2)
(1:1000, ab236639, Abcam), osteocalcin (OCN) (1:1000, ab133612,
Abcam), osteopontin (OPN) (1:1000, ab214050, Abcam), KDM5A
(1:5000, ab194286, Abcam), H3K4me3 (1:1000, ab213224, Abcam)
and b-actin (1:100, ab8227, Abcam). After overnight incubation with
the primary antibody, the membranes were cultured with the sec-
ondary antibody (1:2000, ab6721, Abcam) at room temperature for
2 h. Finally, enhanced chemiluminescence (Thermo Fisher, Waltham,
MA, USA) was used to observe Western blot, and Image J software
(NIH, Bethesda,MD, USA)was used to analyze the relative expression
of proteins with b-actin as the internal reference.

2.15. Statistical analysis

SPSS21.0 software (IBM Corp, Armonk, NY, USA) and GraphPad
Prism8.0 software (GraphPadSoftware Inc., SanDiego, CA,USA)were

http://www.targetscan.org/vert_71/


Fig. 1. KDM5A was expressed highly in hPDLSCs with periodontitis. A: The shape of hPDLSCs was observed under an inverted microscope; B: After OI and adipogenic induction,
hPDLSCs were subjected to alizarin red staining and oil red O staining; C: Flow cytometry detected the expression of CD90, CD105, CD45, and CD34 in hPDLSCs; hPDLSCs were
treated with Pg-LPS, followed by osteogenic induction; D: ELISA detected the level of inflammation-related cytokines; E: Alizarin red staining detected the mineralization of
hPDLSCs; FeG: RT-qPCR and Western blot detected the expression patterns of KDM5A. Each cell experiment was performed 3 times and the data were represented as mean ± SD;
Comparisons among multiple groups in panels EeG were analyzed using one-way ANOVA; Comparisons among multiple groups in panel D were analyzed using two-way ANOVA.
All data were checked by Tukey's multiple comparisons test. **P < 0.01, ##P < 0.01, ** vs Control group, ## vs OI group. LPS: Pg-LPS; OI: osteogenic induction.
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Fig. 2. Downregulation of KDM5A promoted osteogenic differentiation of hPDLSCs with periodontitis. KDM5A shRNA lentivirus was transfected into hPDLSCs in the LPSþOI group
and hPDLSCs transfected with NC shRNA were set as the control. Then, samples of hPDLSCs were divided into the LPSþOI group, LPSþOIþsh-NC group, and LPSþOIþsh-KDM5A
group. A: RT-qPCR detected the interference efficiency of KDM5A shRNA; B: ALP staining and ALP activity determination were conducted after 7 days of OI; C: Alizarin red staining
was performed to detect mineralization of hPDLSCs after 14 days of OI; RT-qPCR (D) and Western blot (E) detected the level of Runx2, OCN and OPN in hPDLSCs. Each cell
experiment was performed 3 times and data were represented as mean ± SD; Comparisons among multiple groups in panels AeC were analyzed using one-way ANOVA; Com-
parisons among multiple groups in panels DeE were analyzed using two-way ANOVA. All data were checked by Tukey's multiple comparisons test. **P < 0.01.
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applied for data analysis and graphing. Data complied with normal
distribution and homogeneity of variance. The datawere represented
as mean ± standard deviation (SD). The comparisons between mul-
tiple groupswere usedone-wayanalysis of variance (ANOVA) or two-
way ANOVA and checked by Tukey's multiple comparisons test. A
value of P < 0.05 was considered significant in statistics.

3. Results

3.1. KDM5A was expressed lowly in hPDLSCs with periodontitis

Periodontitis is a chronic inflammatory disease with high
morbidity that results in tooth loss [5,24,25]. KDM5A controls OD of
bone mesenchymal stem cells induced by bone morphogenetic
99
protein 2 in osteoporosis [13]. However, the role of KDM5A in
hPDLSCs under the condition of periodontitis remains unknown.
Therefore, hPDLSCs were taken from the teeth of enrolled partici-
pants. Under the microscope, we observed that hPDLSCs were in the
shape of fusiform or long spindle (Fig. 1A) and possessed osteogenic
and adipogenic differentiation properties (Fig. 1B). According to a
report [26,27], hPDLSCs were identified with markers, such as CD90.
Flowcytometry showed that CD90andCD105were highly expressed,
while CD45 and CD34 were not expressed in the cells (Fig. 1C), sug-
gesting thathPDLSCswere successfullyobtained. Then,hPDLSCswere
treated with LPS to simulate periodontitis, followed by OD. ELISA
showed that after the treatment of LPS, the contents of TNF-a and IL-
1b were upregulated and the content of IL-10 was downregulated
(P < 0.01, Fig. 1D). Alizarin red staining showed that mineralized



Fig. 3. KDM5A knockdown limited the apoptosis of hPDLSCs and promoted cell proliferation and migration. KDM5A shRNA lentivirus was transfected into hPDLSCs in the LPS
group, and hPDLSCs transfected with NC shRNA were set as controls. Then, samples of hPDLSCs were divided into LPS group, LPSþsh-NC group, and LPSþsh-KDM5A group. AeB:
CCK-8 and colony formation assay detected cell proliferation; C: Flow cytometry detected cell apoptosis; D: Transwell assay detected cell migration capacity. Each cell experiment
was performed 3 times and data were represented as mean ± SD; Comparisons among multiple groups were used one-way ANOVA in panels BeD; Comparisons among multiple
groups were used two-way ANOVA in panel A. All data were checked by Tukey's multiple comparisons test. **P < 0.01.
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nodules were significantly increased after OI while reduced after LPS
treatment (P < 0.01, Fig. 1E). Moreover, the detection of KDM5A
expression showed that compared with the control group, KDM5A
was highly expressed in the LPS groupwhile weakly expressed in the
OI group. Additionally, comparedwith theOI group, the expression of
KDM5Awas elevated in the LPSþOI group (P< 0.01, Fig.1FeG). Taken
together, KDM5Awashighlyexpressed inhPDLSCswithperiodontitis
and downregulated after OI.
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3.2. Downregulation of KDM5A promoted OD of hPDLSCs with
periodontitis

To explore the role of KDM5A in OD of hPDLSCs with peri-
odontitis, KDM5A shRNA were transfected with LPS-treated
hPDLSCs and OI-treated hPDLSCs to downregulate the expression
of KDM5A in hPDLSCs (P < 0.01, Fig. 2A). Then, it was observed that
the activity of ALP and mineralized nodules were significantly



Fig. 4. KDM5A downregulated miR-495-3p expression via H3K4me3 to promote HOXC8 transcription. Samples of hPDLSCs were divided into control group, LPS group, OI group,
LPSþOI group, LPSþOIþsh-NC group, and LPSþOIþsh- KDM5A group. A: ChIP assay analyzed the binding of KDM5A and miR-495-3p promoter; B: Western blot detected the
expression of H3K4me3; C: RT-qPCR detected the expression of miR-495-3p in each group, and hPDLSCs in the LPS group were treated with CPI-45 with PBS treatment as the
control. D: Western blot detected the level of H3K4me3; E: RT-qPCR detected the expression of miR-495-3p; F: Starbase (http://starbase.sysu.edu.cn/index.php), Targetscan (http://
www.targetscan.org/vert_71/) and miRTarBase (http://mirtarbase.cuhk.edu.cn/php/search.php) predicted downstream target genes of miR-495-3p and intersections were obtained;
G: Targetscan predicted the binding site of miR-495-3p and HOXC8; H: Dual-luciferase assay verified the binding relation of miR-495-3p and HOXC8; I: RT-qPCR detected the HOXC8
mRNA expression. Each cell experiment was performed 3 times and data were represented as mean ± SD; Comparisons among multiple groups were used one-way ANOVA and
checked by Tukey's multiple comparisons test in panels BeE, I; Comparisons among multiple groups were used two-way ANOVA and checked by Sidak's multiple comparisons test
in panels A, H. *P < 0.05, **P < 0.01, ##P < 0.01, ** vs Control, ## vs OI.
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Fig. 5. miR-495-3p knockdown weakened the effect of sh-KDM5A to promote osteogenic differentiation in hPDLSCs with periodontitis. miR-495-3p inhibitor-lentivirus was
transfected into hPDLSCs with NC transfection as the control. A: RT-qPCR detected the interference efficiency of miR-495-3p inhibitor; B: ALP staining and ALP activity deter-
mination were performed after 7 d of OI; C: Alizarin red staining and detection of mineralized nodules were performed after 14 d of OI; DeE: RT-qPCR andWestern blot detected the
expression patterns of Runx2, OCN and OPN after 14 d of OI; F: RT-qPCR detected the HOXC8 mRNA expression. Each cell experiment was performed 3 times and data were
represented as mean ± SD; Comparisons among multiple groups were used one-way ANOVA in panels AeC and F; Comparisons among multiple groups were used two-way ANOVA
in panel E. All data were checked by Tukey's multiple comparisons test. *P < 0.05, **P < 0.01.

F. Niu, J. Xu and Y. Yan Regenerative Therapy 20 (2022) 95e106
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Fig. 6. miR-495-3p knockdown weakened the effect of sh-KDM5A to promote proliferation and migration of hPDLSCs with periodontitis. HPDLSCs were transfected with miR-495-
3p inhibitor-lentivirus with NC transfection as the control. CCK-8 (A) method and colony formation assay (B) detected cell proliferation; C: Flow cytometry detected cell apoptosis;
D: Transwell assay detected cell migration capacity; E: RT-qPCR detected the HOXC8 mRNA expression. Each cell experiment was performed 3 times and data were represented as
mean ± SD: Comparisons among multiple groups were used one-way ANOVA in panel A, C-E; Comparisons between multiple groups were used two-way ANOVA in panel B. All data
were checked by Tukey's multiple comparisons test. *P < 0.05, **P < 0.01.

F. Niu, J. Xu and Y. Yan Regenerative Therapy 20 (2022) 95e106
augmented (P < 0.01, Fig. 2BeC). Runx2, OCN, and OPN were
associated with OD [28,29]. The results showed that down-
regulation of KDM5A increased the levels of Runx2, OCN and OPN
(P < 0.01, Fig. 2DeE). In conclusion, downregulation of KDM5A
could promote OD of hPDLSCs with periodontitis.
103
3.3. KDM5A knockdown relieved the apoptosis of hPDLSCs and
promoted cell proliferation and migration

Subsequently, we explored the role of KDM5A in other aspects
of hPDLSCs. Compared with the LPSþsh-NC group, proliferation
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capacity of hPDLSCs in the LPSþsh-KDM5A group was significantly
enhanced (P < 0.01, Fig. 3AeB). Additionally, after downregulation
of KDM5A, the apoptosis index of hPDLSCs was significantly
reduced (P < 0.01, Fig. 3C), while cell migration was promoted
(P < 0.01, Fig. 3D). Collectively, the results suggested that KDM5A
knockdown limited the apoptosis of hPDLSCs and promoted cell
proliferation and migration.

3.4. KDM5A downregulated miR-495-3p expression via
demethylation to promote HOXC8 transcription

According to the literature, KDM5A as the H3K4Me3 demethylase
[14] could bind to the miR-495 promoter to inhibit the transcription
and expression of miR-495 [18]. Therefore, we hypothesized that
KDM5A influences miR-495-3p transcription via H3K4me3. The re-
sults of ChIP assay showed that KDM5A could bind to the miR-495-
3p promoter (P < 0.01, Fig. 4A). Moreover, after LPS treatment, the
expression patterns of H3K4me3 and miR-495-3p were significantly
decreased, while OI significantly upregulated the expressions of
H3K4me3 and miR-495-3p (all P < 0.01, Fig. 4BeC). Compared with
the OI group, the expressions of H3K4me3 and miR-495-3p in the
LPSþOI group were significantly reduced (P < 0.01, Fig. 4BeC).
KDM5A knockdown increased the level of H3K4me3 and miR-495-
3p (P < 0.05 Fig. 4BeC), suggesting that KDM5A regulated the
expression of miR-495-3p via H3K4me3. Subsequently, CPI-455
treatment upregulated the expression of H3K4me3 in LPS-treated
hPDLSCs (P < 0.01, Fig. 4D), and the expression of miR-495-3p was
found to be increased simultaneously (P < 0.01, Fig. 4E). Then, Star-
base, Targetscan, and miRTarBase were used to predict the down-
stream target genes of miR-495-3p and 39 intersections were
obtained (Fig. 4F). Among these, HOXC8 regulates cell OD [30,31].
Binding site predicted by Targetscan (Fig. 4G) and dual-luciferase
assay (P < 0.01, Fig. 4H) proved the binding relationship between
miR-495-3p and HOXC8. Additionally, the HOXC8 mRNA expression
was increased after LPS treatment while decreased after OI.
Compared with the OI group, the HOXC8 mRNA expression was
upregulated in the LPSþOI group. Downregulation of KDM5A
resulted in reduced HOXC8 mRNA expression (P < 0.01, Fig. 4I).
Altogether, KDM5A downregulated miR-495-3p expression via
H3K4me3 to promote HOXC8 transcription.
Fig. 7. Mechanism of histone demethylase KDM5A regulating hPDLSCs in periodontitis cond
demethylation of H3K4me3, leading to upregulation of HOXC8 mRNA and inhibition in OD
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3.5. miR-495-3p knockdown weakened the effect of sh-KDM5A on
OD in hPDLSCs with periodontitis

To confirm the role of miR-495-3p, miR-495-3p inhibitor-
lentivirus was transfected into hPDLSCs to downregulate the
expression of miR-495-3p (P < 0.01, Fig. 5A). After downregulation
of miR-495-3p, mineralized nodules and ALP activity were reduced
(P < 0.01, Fig. 5BeC) and so did the expression of Runx2, OCN, and
OPN (P < 0.05, Fig. 5DeE). Additionally, after downregulation of
miR-495-3p, the HOXC8 mRNA expression was significantly
increased (P < 0.01, Fig. 5F). Briefly, miR-495-3p knockdown
upregulated HOXC8 and weakened the effect of sh-KDM5A to
promote OD in hPDLSCs with periodontitis.

3.6. miR-495-3p knockdown weakened the effect of sh-KDM5A to
promote proliferation and migration of hPDLSCs with periodontitis

Then, we focused on the role of miR-495-3p in proliferation and
migration of hPDLSCs. It was observed that downregulation of miR-
495-3p repressed hPDLSCs proliferation and migration (P < 0.05,
Fig. 6AeD) and increased the HOXC8 mRNA expression (Fig. 6E).
The results indicated that low expression of miR-495-3p upregu-
lated the level of HOXC8 mRNA and mitigated the effect of KDM5A
downregulation to promote proliferation andmigration of hPDLSCs
with periodontitis.

4. Discussion

Periodontitis is the sixth most common human disease that
affects 11.2% of the world population [32]. The limitation of OD in
hPDLSCs is a significant sign of periodontitis [33]. A previous study
demonstrated that KDM5A as an epigenetic factor participates in
cell differentiation [34]. In this research, we elucidated that KDM5A
could promote the OD of hPDLSCs with periodontitis via regulating
miR-495-3p and HOXC8.

TNF-a and IL-1b are pro-inflammatory cytokines that promote
periodontitis and IL-10 is an anti-inflammatory cytokine that in-
hibits periodontitis [35]. In this research, hPDLSCs were treated
with LPS to induce periodontitis. The results showed that the levels
of TNF-a and IL-1b were increased, and the level of IL-10 and
ition. KDM5A could bind to the miR-495-3p promoter and inhibit miR-495-3p level via
, proliferation, and migration of hPDLSCs with periodontitis.
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mineralized nodules were declined, indicating the infection of
periodontitis. Additionally, the expression of KDM5A was upregu-
lated in hPDLSCs with LPS treatment, but reduced after OI. Previous
research has demonstrated that overexpression of KDM5A inhibits
OD and bone formation of bone mesenchymal stem cells during
osteoporosis [13]. Therefore, we hypothesized that KDM5A plays a
negative role in the OD of hPDLSCs with periodontitis. We down-
regulated the expression of KDM5A in LPS-treated hPDLSCs via
KDM5A shRNA and observed that ALP activity, mineralized nod-
ules, and the expression patterns of Runx2, OCN, and OPN were all
increased. Besides, after downregulation of KDM5A, the apoptosis
rate of hPDLSCs was reduced and migration capacity of hPDLSCs
was strengthened. Consistently, previous research reported that
KDM5A knockdown improves odontogenic differentiation of hu-
man dental pulp cells with the increases in ALP and OCN [36]. Taken
together, our results proved that the inhibition of KDM5A expres-
sion could promote OD of hPDLSCs with periodontitis, decline
apoptosis rate and strengthen proliferation and migration.

According to the literature, miRNAs are also involved in the OD
of stem cells [17]. Previous research has proved that miR-495 family
promotes OD and depressed inflammatory response in ankylosing
spondylitis [19]. However, the role of miR-495-3p in the OD of
hPDLSCs remains known. In this research, ChIP assay confirmed
that KDM5A could bind to the miR-495-3p promoter, suggesting
that KDM5A could regulate miR-495-3p. The result is consistent
with recent research reporting that KDM5A controls the tran-
scription and expression of miR-495-3p [18]. Furthermore, miR-
495-3p and H3K4me3 expressions were decreased after LPS
treatment while increased after OI treatment, suggesting that miR-
495-3p and H3K4me3 are expressed lowly in periodontitis. The
results are supported by previous studies proposing that miR-495-
3p and H3K4me3 have weak expressions in periodontal diseases
[37,38]. Furthermore, a previous study has evidenced that KDM5A
catalyzed methylation of H3K4me3 [14]. After downregulation of
KDM5A, the levels of H3K4me3 and miR-495-3p were both
reduced, suggesting that KDM5A regulated the miR-495-3p
expression via H3K4me3. Additionally, the functional rescue ex-
periments showed that downregulation of miR-495-3p decreased
mineralized nodules, ALP activity, and expressions of Runx2, OCN,
and OPN, suggesting that silencing miR-495-3p mitigated OD,
proliferation, and migration of hPDLSCs induced by KDM5A
knockdown. MiR-495 family was reported to participate in OD [39].
Notably, overexpression of miR-495 was demonstrated to promote
proliferation and differentiation of osteoblasts in tibial fracture
mice with elevations of OCN, OPN, calcium nodules, and ALP ac-
tivity [40]. Altogether, silencing KDM5A upregulated miR-495-3p
via methylation of H3K4me3 to promote OD, proliferation, and
migration of hPDLSCs with periodontitis.

Then, we explored the downstream target gene of miR-495-3p.
Through database prediction and intersection, we focused on
HOXC8. A previous study has proposed that HOXC8 promoted OD
in vitro via regulating bone morphogenetic protein-2 [30]. In this
research, the dual-luciferase assay confirmed the targeting rela-
tionship between miR-495-3p and HOXC8. Besides, the expression
of HOXC8 was decreased in hPDLSCs with LPS treatment while
increased in hPDLSCs after OI treatment. Consistently, HOXC8
proteins regulated by miR-196a could facilitate proliferation and
OD of human adipose-derived mesenchymal stem cells [31].
Subsequently, in the functional rescue experiment, we observed
that downregulation of miR-495-3p inhibited HOXC8 transcrip-
tion. In brief, KDM5A knockdown targeted miR-495-3p to upre-
gulate HOXC8 transcription and promote OD, proliferation, and
migration of hPDLSCs with periodontitis. Nevertheless, the role of
HOXC8 in hPDLSC functions needs to be further discussed in future
studies.
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In summary, KDM5A inhibited miR-495-3p expression via
demethylation of H3K4me3, thereby promoting HOXC8 transcrip-
tion and limiting OD and proliferation of hPDLSCs with periodon-
titis (Fig. 7). Although the research revealed the role of KDM5A and
miR-495-3p in the functions of hPDLSCs, we did not investigate
whether other demethylases, miRNAs, and downstream target
genes exert effects in hPDLSCs. Besides, since our study is the first
attempt to explore the role of KDM5A in the functions of hPDLSCs
with periodontitis, we just preliminarily explore the downstream
mechanism of KDM5A at the cell level. In the future, we will fully
investigate the upstream and downstream mechanisms of KDM5A
to improve the integrity of our study about the role of KDM5A in
periodontitis.
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