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Osthole improves function
of periodontitis periodontal
ligament stem cells via epigenetic
et modification in cell sheets
R engineering

Jin Sun3, Zhiwei Dong*, Yang Zhang®, Xiaoning He'2, Dongdong Fei?, Fang Jin®, LinYuan’,
Bei Li*? &Yan Jinl2

. Inflammatory microenvironment causes the change of epigenetic modification in periodontal ligament

. stem cells derived from periodontitis tissues (P-PDLSCs), which results in defective osteogenic

. differentiation compared to cells from healthy tissues. It's urgent to explore therapeutic strategies
aimed at epigenetic targets associated with the regenerative ability of PDLSCs. Osthole, a small-
molecule compound extracted from Chinese herbs, has been documented to promote osteogenesis and
cell sheets formation of healthy PDLSCs. However, whether osthole shows same effect on P-PDLSCs

- and the mechanism of promotive effect is still unknown. The purpose of this study was to determine

. whether Osthole could restore defective osteogenic differentiation of P-PDLSCs via epigenetic
modification. We demonstrated that 107 Mol/L of Osthole was the best concentration for osteogenic
differentiation and proliferation of P-PDLSCs. Mechanistically, we also found that Osthole upregulated
MOZ and MORF, histone acetylases that specifically catalyze acetylation of Histone3 lisine9 (H3K9)
and Histone3 lisinel4 (H3K14), which are key regulators in osteogenic differentiation of P-PDLSCs.
Furthermore, Osthole treatment improved cell sheet formation and enhanced the bone formation of
PDLSC sheets in animal models of periodontitis. Our study suggests that Osthole is a promising drug to
cure periodontitis via regulating epigenetic modification in cell sheets engineering.

Periodontitis is an inflammatory disease that brings pathological alterations to the tooth-supporting tissues, con-
sisting of gingiva, alveolar bone, periodontal ligament (PDL) and root cementum', and the absorption occurring
: inalveolar bone is the biggest issue to be focused. It can affect up to 90% of the worldwide population. Periodontal
- ligament stem cells (PDLSCs) are a group of MSCs derived from periodontal ligament and PDLSCs were used for
© treating periodontitis in numerous preclinical and clinical studies’. However, defective osteogenic differentiation
. of PDLSCs were documented being closely related to periodontitis> . Besides, osteogenic deficit of PDLSCs
from periodontitis patients can not be recovered from ex vivo culture or expansion. Such deficiency of stem cells
seems to retain a “memory” of abnormal microenvironment, which suggests the epigenetic modification may be
involved. Recently, growing evidences also show the involvement of epigenetic modifications in the development

IState Key Laboratory of Military Stomatology & National Clinical Research Center for Oral Diseases & Shaanxi
Key Laboratory of Oral Diseases, Center for Tissue Engineering, Fourth Military Medical University, Xi'an, Shaanxi,
710032, China. 2Xi‘an Institute of Tissue Engineering and Regenerative Medicine, Xi‘an, Shaanxi, 710032, China.
3Department of Stomatology, The Affiliated Shenzhen Maternity and Child Healthcare Hospital of the South Medical
University, Shenzhen, Guangdong, 518048, China. “Department of Oral and Maxillofacial surgery, General Hospital
of Shenyang Military Area Command, Shenyang, Liaoning, 110840, China. *Department of Orthopaedics, Xijing
Hospital, the Fourth Military Medical University, Xi‘an, Shaanxi, 710032, China. ®Department of Orthodontics, School

: of Stomatology, Fourth Military Medical University, Xi‘an, Shaanxi, 710032, China. ’Department of Stomatology,

* the First Affiliated Hospital of Guangzhou Medical University, Guangzhou, Guangdong, 510140, China. Jin Sun,

. Zhiwei Dong andYang Zhang contributed equally to this work. Correspondence and requests for materials should be
addressed to B.L. (email: Ibf mmu@163.com) orY.J. (email: yanjin@fmmu.edu.cn)

SCIENTIFICREPORTS | 7: 5254 | DOI:10.1038/s41598-017-05762-7 1


mailto:lbfmmu@163.com
mailto:yanjin@fmmu.edu.cn
https://doi.org/10.1038/s41598-017-05762-7

www.nature.com/scientificreports/

of periodontal disease™®. It's urgent to explore therapeutic strategies aimed at epigenetic targets associated with
the regenerative ability of PDLSCs and the development of periodontitis.

Variations of epigenetic components result in the changes of specific chromatin architecture, then activate
or deactivate expression of the regulatory genes, and finally impose influence on cell fate determination without
changes of DNA sequences. Compared to genetic mutation, epigenetic modification is reversible and probable to
be regulated by rules’. Growing evidences suggest that posttranscriptional modification of histone by acetylation
plays an important role in osteogenic differentiation of PDLSCs®. Our previous study also showed that histone
acetyltransferase GCN5 regulated the osteogenesis of PDLSCs and could be used as a target to treat periodon-
titis®. In addition, application of drugs that target epigenetic regulators in MSCs is being investigated'® '!. It has
been proved that drugs restrained overwhelmingly inflammation by mean of modulating epigenetics'?. Osthole,
a small-molecule compound extracted from Chinese herbs, is a natural coumarin mainly contained in Cnidium
monnieri. Osthole exhibits anti-oxidant and immunomodulatory properties, and is commonly applied in clinical
practice of Traditional Chinese Medicine for cancer, inflammation etc.®. Previous study showed that owing to
estrogen-like effects of Osthole, it prevents osteoporosis and reduces bone loss in ovariectomized rats by acti-
vation of B-catenin-BMP signaling'%. Moreover, Osthole has been identified as one of the chromatin regulators
implicated in the inhibition of histone deacetylases (HDACs) in order to cure or prevent cancer'™'®.

Cell sheet technology has been established as a promising concept for cell delivery that allows for a sheet
of interconnected cells and cells in full contact with their natural extracellular environment to be delivered!’.
Periodontal ligament cell sheets are considered as a TE-biological complex which mimics the growing environ-
ment of periodontal ligament and facilitates cellular signal communications that could improve the regeneration
of periodontal tissue. Our previous study showed that Osthole could promote extracellular matrix (ECM) depo-
sition and osteogenic differentiation in PDLSC sheets's. However, whether osthole shows same effect on PDLSCs
derived from periodontitis and the mechanism of promotive effect of Osthole are still unknown. Here, our study
focused on investigating of the functional role and the molecular mechanism of Osthole, especially its regulation
of epigenetic modification in reversing osteogenic defect of P-PDLSCs, and improving the regenerative ability of
P-PDLSC sheets.

Results

Osteogenic effect of TCMs on P-PDLSCs. Previous studies showed that CatheRine Genistein,
Xanthohumol, Osthole and Kaempferol are common single agents extracted from TCM and are able to be a cure
for bone related diseases??~2*. We isolated H-PDLSCs and P-PDLSCs as characterized by flow cytometry (Fig. S1).
We applied these drugs to P-PDLSCs to determine the osteogenic induction ability. With two common used con-
centrations (107> and 10~*Mol/L), ALP staining was performed to test whether agents mentioned above play a
role in osteogenic differentiation of P-PDLSCs. Results in Fig. S2 showed that only Osthole significantly promoted
ALP expression in P-PDLSCs while Xanthohumol, Kaempferol and CatheRine Genistein appeared to show no
effect on the osteogenesis of P-PDLSCs.

Osthole reverses defective osteogenic ability of P-PDLSCs. To further investigate the role of
Osthole on osteogenic differentiation of P-PDLSCs, different concentrations (10~ to 1078 Mol/L) of Osthole were
applied to P-PDLSCs. 10~*and 107> Mol/L Osthole suppressed proliferation of PDLSCs as shown by 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphe-nyltetrazolium bromide (MTT) assay after 3 days culture (Fig. S3). Meanwhile, ALP
staining with series concentrations indicated that 1076, 10~7and 10~® Mol/L of Osthole appeared to increase ALP
staining compared to DMSO group (Fig. 1A). Alizarin Red Staining showed that 107%, 10~7and 10~® Mol/L of
Osthole increased the formation of mineralized nodules of P-PDLSCs (Fig. 1A,B). Noticeably, 10~ Mol/L of
Osthole was the most appropriate concentration for cell proliferation and osteogenic differentiation (Fig. 1A,B).
In order to confirm whether 107 Mol/L of Osthole has an impact on the expression of osteogenic genes or pro-
teins, we compared the expression of osteogenic genes or proteins between H-PDLSCs with DMSO, P-PDLSCs
with DMSO and P-PDLSCs with 1077 Mol/L of Osthole after osteogenic induction. Total RNA or protein were
extracted from P-PDLSCs cultured for 14 days osteogenic condition with or without Osthole, and qRT-PCR or
western blot analyses were performed to measure the expression of Runt-related transcription factor 2 (Runx2),
ALP and Osterix. The results showed that 1077 Mol/L of Osthole resulted in an obvious increase of the mRNA
and proteins expression of Runx2, ALP and Osterix compared to the control group. The expression of osteogenic
related genes and proteins in P-PDLSCs after Osthole treatment was similar to H-PDLSCs group (Fig. 1C,D).
Synthetically, 10~7 Mol/L of Osthole were able to repair osteogenic deficiency in P-PDLSCs and was selected for
the following tests.

Osthole reverses defective osteogenesis of P-PDLSCs through histone acetylation. Inorder to
know whether effect of Osthole on osteogenesis would last for consecutive passages, Osthole was applied to stim-
ulate P-PDLSC:s for 14 d before cells were passaged to next generation. Then, osteogenic differentiation was deter-
mined by ALP staining and Alizarin Red S staining after osteogenic induction for 21 days. The results revealed
decreased osteogenic differentiation of P-PDLSCs compared to PDLSCs derived from healthy tissues after several
passages (Fig. 2A,B). Meanwhile, the results also showed a sustained rescue effect of Osthole on osteogenic differ-
entiation of P-PDLSCs after 14 days stimulation of 10~7 Mol/L of Osthole (Fig. 2A,B). These results indicated that
Osthole might reverse defective osteogenesis of P-PDLSCs through epigenetic modification.

Since histone acetylation contributes to osteogenic differentiation of MSCs!?, we profiled expression of 15
histone acetylases in H-PDLSCs and P-PDLSCs. The results showed that in comparison to H-PDLSCs, KAT2A,
MOZ, MORE EP300 and HAT1 were suppressed in P-PDLSCs as assayed by qRT-PCR analysis (Fig. 2C). The
same histone acetylases were also profiled in P-PDLSCs with 10~7 Mol/L Osthole stimulation for 7 days. The
results indicated that the expression of KAT5, MOZ, MORF and ELP3 were increased by Osthole treatment
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Figure 1. Osthole reverses defective osteogenic ability of P-PDLSCs. (A) ALP staining and ARS staining after
7 days (ALP staining) and 21 days (ARS staining) in H-PDLSCs and P-PDLSCs with different concentrations
of Osthole (0 Mol/L, 10~*Mol/L, 10~ Mol/L, 10~° Mol/L, 10~7 Mol/L and 10-8 Mol/L). (B) Quantification of
ARS staining for light absorbance at 562 nm. (C) Gene expression of Runx2, ALP and Osterix in H-PDLSCs,
P-PDLSCs and P-PDLSCs with 10~7 Mol/L Osthole as assayed by qRT-PCR. (D) Protein expression of Runx2,
ALP and Osterix in H-PDLSCs, P-PDLSCs and P-PDLSCs with 10~7 Mol/L Osthole as assayed by Western blot.
*P<0.05, **P<0.01,ns: P=0.05,n=3.

(Fig. 2E). After overlapping series of data from two tests above, the outcome revealed that both MOZ and MORF
might play important role in rescuing the osteogenic differentiation of P-PDLSCs by Osthole treatment.

To further confirm the relationship between Osthole and MOZ/MOREF, we detected the expression of MOZ/
MOREF and their major targets, H3K9ac and H3K14ac?®. Western Blot showed that the expression of MOZ and
MOREF were decreased, while H3K9ac and H3K14ac were also decreased in P-PDLSCs compared to H-PDLSCs
(Fig. 2D). MOZ and MORE, as well as H3K9ac and H3K14ac, were increased after Osthole treatment in
P-PDLSCs (Fig. 2F). The results also showed that Osthole raised MOZ, MORF and their downstream targets in a
time-dependent manner (Fig. 2F). Furthermore, EpiQuik Global Acetyl Histone Quantification Kit also indicated
that level of acetylation of H3K9 and H3K14 increased along with time points after Osthole treatment (Fig. 2G).
To summarize, MOZ and MORF might be related to osteogenic differentiation in PDLSCs via acetylation of
H3K9 and H3K14, and Osthole might reverse defective osteogenesis of P-PDLSCs through MOZ and MORE

Decreased osteogenic differentiation of H-PDLSCs with MOZ & MORF depletion. To further
address whether MOZ and MOREF influence the osteogenic differentiation of PDLSCs, we next examined the
osteogenic differentiation of H-PDLSCs knocked down by small interfering RNA of MOZ or MOREF (siMOZ or
siMOREF) separately. Western blot showed that siRNA of MOZ decreased the expression of MOZ, H3K9ac and
H3K14ac in H-PDLSCs (Fig. 3A). The results also showed that siRNAs of MORF decreased the expression of
MOZ, H3K9ac and H3K14ac in H-PDLSCs (Fig. 3E). Furthermore, we found that MOZ or MORF knockdown
in H-PDLSCs reduced the expression of osteogenic differentiation related genes and proteins of Runx2, ALP and
Osterix after 14 days osteogenic induction (Fig. 3B,C,EG). Formation of mineralized nodules were also reduced
after prolonged treatment with inducing media for 21 days after knockdown MOZ or MORF in H-PDLSCs
(Fig. 3). These results showed that downregulated MOZ or MORF expression resulted in defective osteogenic
differentiation in PDLSCs.

Since we found Osthole was beneficial to osteogenic differentiation in PDLSCs, we want to confirm if Osthole
induces osteogenic differentiation of PDLSCs through MOZ or MORE. siRNAs were used before 10~ Mol/L
Osthole stimulation in H-PDLSCs. The results in Fig. S4A revealed that ALP activity of siMOZ or siMOREF group
was not increased with Osthole stimulation after 7 days induction. In addition, formation of mineralized nodules,
as showed by Alizarin Red S staining and quantification, was also not increased in H-PDLSCs of MOZ or MORF
knockdown with or without Osthole compared with control group after 21 days induction (Fig. S4B,C). These
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Figure 2. Osthole reverses defective osteogenesis of P-PDLSCs through histone acetylation. (A) ALP staining
and ARS staining of H-PDLSCs, P-PDLSCs and P-PDLSCs with 10~7 Mol/L Ostholes in P4 (with stimulation),
P6 (without stimulation) and P10 (without stimulation). (B) Quantification of ARS staining for light absorbance
at 562 nm. (C) qRT-PCR showed gene expression of fifteen histone acetylases in H-PDLSCs and P-PDLSCs.

(D) Protein expression of MOZ, MORE, H3K9ac and H3K14ac in H-PDLSCs and P-PDLSCs as assayed by
western blot. (E) qRT-PCR showed gene expression of fifteen histone acetylases in P-PDLSCs and P-PDLSCs
with 1077 Mol/L Osthole measured by qRT-PCR. (F) Protein expression of MOZ, MORE, H3K9ac and H3K14ac
in P-PDLSCs with 1077 Mol/L Osthole treatment on day 0, 3, 5, 7, 10 as assayed by western blot. (G) Level of
acetylation of H3K9 and H3K14 in P-PDLSCs with 10~7 Mol/L Osthole treatment on day 0, 3, 5, 7, 10 as assayed
by EpiQuik Global Acetyl Histone Quantification Kit. *P < 0.05, **P < 0.01, ***P < 0.001, no mark: P> 0.05,
n=3.
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results confirmed that Osthole promotes osteogenic differentiation by means of epigenetic modification, espe-
cially through upregulation of MOZ or MORE

Osthole improves the formation and osteogenesis of P-PDLSC sheet. Our previous studies have
revealed that Osthole could promote sheet formation of H-PDLSCs!®. We investigated the promotional effect
of Osthole on sheet formation of P-PDLSCs. After 10 days of culture with DMSO or Osthole all along, PDLSCs
formed cell sheets that could be detached from the dishes. In view of forming of cell sheets, P-PDLSC sheet was
smaller and less thickness than H-PDLSC sheet, meanwhile cells in P-PDLSCs presented worse organization
and plasticity compared to H-PDLSCs (Fig. 4A). However, P-PDLSC sheet was improved when 10~ Mol/L of
Osthole was applied throughout the formation of sheet (Fig. 4A). In order to measure the thickness of sheets,
which is one of necessary indexes for evaluating sheets, we fixed and cut them for Haematoxylin and eosin (H&E)
staining. Microscope and measuring data demonstrated that mean thickness of P-PDLSC sheet with 107 Mol/L
of Osthole exhibited much higher degree in thickness than P-PDLSC sheet with DMSO treatment no matter with
or without exclusion of cells number (Fig. 4B). Furthermore, we utilized scanning electron microscope (SEM) to
observe the micro-structure of sheets after 10 days culture of sheets. The outcome showed that P-PDLSC sheets
treated with 1077 Mol/L of Osthole established a higher density network and tightness junctions between cells
from low-magnification microscope, and secreted more ECM from high-magnification microscope compared
to P-PDLSC sheet with DMSO (Fig. 4C). In addition, both in genes and proteins level, Fibronectin, Integrin
and Periostin, three representatives of ECM, were upregulated when sheet stimulated by 10~7 Mol/L of Osthole
(Fig. 4D,E). Collectively, these data indicated that Osthole could reverse the defective ability of cell sheet forma-
tion in P-PDLSCs, and the effect after improvement was similar to PDLSCs derived from healthy tissues.

In order to examine whether Osthole improve osteogenic differentiation in P-PDLSC sheet, we constructed
H-PDLSCs sheet and treated the sheet with different concentration of Osthole. Results declared that after 7 days
osteogenic induction following 10 days culture with Vitamin C, P-PDLSCs in 10~*Mol/L group had lower ALP
expression to a certain degree while 107°, 107 and 10~ Mol/L of Osthole represented increased ALP expression
(Fig. 5A). Alizarin Red Staining indicated a similar tendency in day 14 after osteogenic induction when sheets has
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Figure 3. Osteogenic differentiation of H-PDLSCs with MOZ & MOREF depletion. (A) Protein expression of
MOZ, H3K9ac and H3K14ac in H-PDLSCs and H-PDLSCs with siMOZ. (B) Gene expression of Runx2, ALP
and Osterix in H-PDLSCs and H-PDLSCs with siMOZ after osteogenic induction. (C) Protein expression

of Runx2, ALP and Osterix in H-PDLSCs and H-PDLSCs with siMOZ after osteogenic induction. (D) ARS
staining of H-PDLSCs and H-PDLSCs with siMOZ and quantification of it for light absorbance at 562 nm. (E)
Protein expression of MORE, H3K9ac and H3K14ac in H-PDLSCs and H-PDLSCs with siMORF measured
by western blot. (F) Gene expression of Runx2, ALP and Osterix in H-PDLSCs and H-PDLSCs with siMORF
after osteogenic induction. (G) Protein expression of Runx2, ALP and Osterix in H-PDLSCs and H-PDLSCs
with siMOREF after osteogenic induction. (H) ARS staining of H-PDLSCs and H-PDLSCs with siMORF and
quantification of it for light absorbance at 562 nm. *P < 0.05, ¥**P < 0.01, ***P < 0.001, n=3.

formed (Fig. 5A,B). qRT-PCR or western blot analysis were performed to measure the expression of Runx2, ALP
and Osterix. The results showed 1077 Mol/L of Osthole resulted in a marked increase of the mRNA and proteins
expression of Runx2, ALP and Osterix compared with the control group (Fig. 5C,D). This observation revealed
that Osthole improved osteogenesis of P-PDLSC sheet.

Osthole upregulates the expression of MOZ and MORF in P-PDLSC sheet. Since previous results
have proved that Osthole promotes osteogenic differentiation through upregulation of MOZ or MOREF, we ver-
ified whether Osthole would exert effect on MOZ or MORF in P-PDLSC sheet. MOZ and MORF were detected
after sheets formation with or without 1077 Mol/L of Osthole stimulation. qRT-PCR and Western blot both
revealed that MOZ and MORF were promoted in P-PDLSCs + Osthole group, similar to H-PDLSCs + DMSO
group (Fig. 6A,B). Meanwhile, H3K9ac and H3K14ac were also upregulated in P-PDLSCs + Osthole group, which
were consistent with the expression of MOZ and MOREF (Fig. 6B). Furthermore, immunohistochemistry results
of the sheets also showed more MOZ and MOREF positive cells in P-PDLSC sheet with Osthole treatment com-
pared to P-PDLSC sheet with DMSO (Fig. 6C). The results showed that Osthole upregulated the expression of
MOZ and MOREF in P-PDLSC sheet.

Osthole treated P-PDLSC sheet shows improved bone formation in animal model. 1In order
to confirm the promotive osteogenesis of Osthole on P-PDLSC sheet, we carried out in vivo experiments with
animal model. From the results of H & E staining after different sheets with CBB transplanted in nude mice,
H-PDLSCs+ DMSO group displayed the strongest ability of osteogenesis in accordance with new bone formation
(Fig. 7A). P-PDLSCs + DEMO group has the least formation of new bone compared with others, while P-PDLSCs
added 1077 Mol/L of Osthole showed a distinct increase of new bone formation (Fig. 7A), which was similar to
H-PDLSCs with DMSO.

Then, in the inferior alveolar defect mode by 3D reconstruction, we observed that P-PDLSCs sheet after
1077 Mol/L of Osthole treatment exhibited obviously enhanced restoration of the bone defect (Fig. 7B). And
P-PDLSCs + DMSO showed no improvement of the defect (Fig. 7B), which suggested that osteogenic ability of
P-PDLSC sheet with Osthole was enhanced in vivo, which could be used as a strategy to treat periodontitis.

Discussion

In this study, we provided a strategy with epigenetic modification from Chinese herb to reverse osteogenic
differentiation of cells and improve formation of cell sheet from periodontitis-derived PDLSCs. Till today,
many Chinese herbs have been proved to be effective in treating osteoporosis and immuno-disorders since
Chinese herbs could act as therapeutic agents and mediators of stem cell differentiation and rejuvenation®!.
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Figure 4. Osthole improves the formation of P-PDLSC sheet. (A) Representative macroscopic and microscopic
images of H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 1077 Mol/L Osthole. (B) Representative

H & E staining of H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 107 Mol/L Osthole, and

mean thickness of statistical analysis was shown below. Scale Bar, 50 um (upper) and 20 pm (lower). (C)
Representative SEM images of H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 1077 Mol/L Osthole.
Scale Bar, 300 pm (upper) and 60 pm (lower). (D) Gene expression of Fibronectin, Integrin and Periostin in
H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 10~ Mol/L Osthole as assayed by qRT-PCR. (E)
Protein expression of Fibronectin, Integrin and Periostin in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC
sheet with 1077 Mol/L Osthole as assayed by western blot. *P < 0.05, **P < 0.01, ***P < 0.001, ns: P2 0.05,
n=3.

There are researches reporting that Genistein, Xanthohumol, Osthole or Kaempferol modulate expression of
osteoblast-specific genes or inhibit osteoclastic differentiation in adult stem cells or animals?>-%. In light of recent
researches, we found that only Osthole specially promoted osteogenic differentiation of P-PDLSCs compared to
other small-molecule compounds extracted from Chinese herbs. It reminded us that Osthole could be a valuable
promoter in bone tissue engineering field.

Osthole is a natural coumarin extracted from Cnidium monnieri or Angelica pubescens. Since its struc-
tural formula is highly similar to estrogen of mammals and it has pharmacological activities of immunoregu-
lation, anti-inflammatory, anti-oxidant and anti-cancer effects®®, Osthole has received considerable attention to
be a promising compound for new drug discovery and therapeutic application. Our previous study found that
107> Mol/L of Osthole accelerated cell sheet formation and osteogenic genes/proteins expression in both PDLSCs
and MSCs from jaw bone marrow (JBMMSCs)'8, but its effect on PDLSCs from periodontitis patients and the
molecular mechanism of its promotive effect on osteogenesis are remained largely unknown. In our study, we
found that 10~ Mol/L was the best concentration for osteogenic differentiation and proliferation of P-PDLSCs
as 1077 Mol/L of Osthole dramatically increased ALP activity, calcium deposition and osteogenic genes/proteins
expression compared to other concentrations. Taken together, Osthole of appropriate concentration not only
promotes osteogenic differentiation of MSCs from healthy tissues, but also enhances osteogenesis of MSCs from
pathological tissues. This finding might be more instructive for treatment of bone related diseases.

Epigenetic modification leads to the activation or repression of genes without changes of DNA sequence®.
Such alteration of genes expression induced by microenvironment can be inherited during cell passages, result-
ing in maintenance of the acquired phenotype®. From the results in Fig. 2, after passing cells to P4, P6 and
P10, P-PDLSCs showed osteogenic defect compared to PDLSCs derived from healthy tissues. It revealed that
pathological microenvironment has already caused epigenetic modification in PDLSCs. At the same time, these
data also indicated that 1077 Mol/L of Osthole could rescue osteogenic defect of P-PDLSCs and the rescue effect
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Figure 5. Osthole improves osteogenesis of P-PDLSC sheet. (A) ALP staining and ARS staining after 7 days
(ALP staining) and 21 days (ARS staining) in H-PDLSC and P-PDLSC sheets with different concentrations

of Osthole. (B) Quantification of ARS staining for light absorbance at 562 nm. (C) Gene expression of Runx2,
ALP and Osterix in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 10~7 Mol/L Osthole. (D) Protein
expression of Runx2, ALP and Osterix in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 107 Mol/L
Osthole. */#P < 0.05, **/##P < 0.01, ***P < 0.001, ns: P2 0.05, n=3.

lasts within passages. Emerging evidence suggests that lysine acetylation facilitates post-translational modifi-
cation, and histone acetylation contributes to or regulate osteogenic differentiation of MSCs?’. Furthermore,
we found out that MOZ, MORE, H3K9ac and H3K14ac were decreased in P-PDLSCs and they were recovered
when 1077 Mol/L of Osthole stimulation was present. Meanwhile, osteogenic differentiation was reduced when
MOZ or MORF was knockdowned in H-PDLSCs with or without Osthole treatment. These findings indicate that
MOZ and MOREF play important role in osteogenic differentiation, and they are key factors between Osthole and
osteogenic differentiation of PDLSCs. Previous studies have showed that MOZ and MOREF are critical for bone
development and osteogenic genes expression?-**. MOZ and MORF are also lysine-specific acetylases that specif-
ically catalyze acetylation of H3K9 and H3K14?. Therefore it is reasonable to assume that upregulated MOZ and
MORF may acetylate H3K9 and H3K14 which bind to promoter of osteogenic genes, hence promoting osteogenic
differentiation in P-PDLSCs treated with Osthole.

Recent clinically available techniques, such as open flap debridement with guided tissue regeneration (GTR)
technology combining bone substitutes, biological mediators, or specific growth factors, are able to promote
restoration of bone defect to a certain degree®!. However, the treatments above still remain an issue that lack of
complete and functional construction of damaged bone tissues*. An advanced concept of tissue engineering and
regenerative medicine coupled with stem cells and specific factors in order to enhance bone tissues reconstruction
is increasingly proved its promising prospect in both the clinical and research®. Although current applications
with tissue engineering have already obtained conspicuous achievement, it would be profounder to seek out
effective factors and determine their mechanisms. In our study, we demonstrate that 107 Mol/L of Osthole pro-
cesses biological effects of promoting osteogenesis and extracellular matrices (ECM) production of P-PDLSCs
sheet, which shows optimized characteristic similar to cells sheet derived from healthy tissues. 107 Mol/L of
Osthole markedly enhances ALP activity, calcium deposition and osteogenic genes/proteins expression of
PDLSCs. Meanwhile, it is able to accelerate cell sheet formation, which possesses high cell quantity, thickness
and ECM production. Furthermore, previous research has revealed that cell sheet mineralization is in company
of ECM production'®. However, 1078 osthole treatment, which increased the osteogenesis of PDLSCs, did not
show increased calcium deposition of PDLSCs sheet. This result indicates that cells and cell sheets show different
responses when receive 108 osthole treatment. Taken together, it is logical to believe that Osthole at an appropri-
ate concentration advances cells sheet technology of restoring bone defect via stimulating cell sheet to improve
new bone and bone-like matrix regeneration.

To confirm the relationship between epigenetics and regeneration, we verified expression of MOZ and MORF
after cell sheet formation treated with 1077 Mol/L of Osthole. The results indicate that MOZ and MOREF are
upregulated in Osthole group at gene and protein level, and H3K9ac and H3K14ac are increased at protein level.
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Figure 6. Expression of MOZ and MORF in PDLSC sheets with Osthole treatment. (A) Gene expression of
MOZ and MOREF in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 1077 Mol/L Osthole. (B) Protein
expression of MOZ, MORFE, H3K9ac and H3K14ac in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet
with 1077 Mol/L Osthole. (C) Representative images of immunohistochemistry staining of MOZ and MORF

in H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 10~7 Mol/L Osthole. Semi-quantification of the
positive area of MOZ and MORF was calculated. Scale Bar, 100 pm. *P < 0.05, **P < 0.01, n=3.

Meanwhile, immunohistochemistry staining revealed that expression of MOZ and MORF were increased in cell
sheet formation with Osthole stimulation. Altogether, improved osteogenesis is positive associated with MOZ
and MOREF in cell sheet. Moreover, Osthole treated P-PDLSCs sheets improve the ectopic bone regeneration in
nude mice and enhance bone formation in the inferior alveolar defect of rats. These data indicate Osthole is appli-
cable in improvement of cell sheets and stem cell-based periodontal regeneration.

To summarize, we demonstrate that Osthole promotes osteogenic differentiaiton of P-PDLSCs and ECM pro-
duction of P-PDLSCs sheet in vitro and vivo. Moreover, we find that Osthole regulates the expression of MOZ
and MORF which are critical in osteogenic differentiaiton of P-PDLSCs. Interestingly, we reveal that Osthole
possesses enduring effect existing in P-PDLSCs because of epigenetic modification. These results provide a strat-
egy of Osthole at first time for stem cell sheet engineering and regenerative medicine via epigenetic modification.

Materials and Methods

Cell culture. Healthy human teeth samples were collected from individuals (n=5, aged from 16 to 30 years)
extracted for orthodontic reason. The standard of healthy periodontal tissues: no bleeding on probing, prob-
ing depth <4 mm, alveolar bone loss <3 mm. Teeth affected by periodontitis were collected from periodontitis
patients, (n =5, aged 30-45 years). The clinical diagnosis of chronic periodontitis: more than 1 pocket probing
depth >5mm, alveolar bone loss >2/3 length of teeth. The subjects engaged in this study had no history of
systemic diseases, smoking or taking special medicine over the past half year. Written informed consent were
provided by all participants, and ethical approval had been obtained from the Ethics Committee of the School of
Stomatology, the Fourth Military Medical University. All the methods in the study were carried out in accordance
with the approved guidelines.

PDLSCs were isolated and cultured as we previously described®. Briefly, after separation the middle part of
the root surface, the periodontal ligament (PDL) was enzymatically digested with type I collagenase (0.66 mg/
ml; Sigma, St Louis, MO, USA) for 1 hr (suspended every 10 mins), and then cultured in a-MEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Electron, Melbourne, Australia),
0.292 mg/ml glutamine (Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin in
6-well culture dishes (Costar, USA) at 37 °C in a humidified atmosphere of 5% CO, and 95% air. After 2 weeks in
culture, cells from PDL became subconfluent. To obtain homogeneous populations of PDLSCs, single-cell-derived
colonies were obtained using the limiting dilution technique. Single-cell-derived colonies were used in passage
3-5. For each experiment, PDLSCs in the same passage were used.
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Figure 7. Osthole treated P-PDLSC sheet shows enhanced bone formation in animal model. (A) Representative
images of H & E staining of H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 10~” Mol/L Osthole
transplants in nude mice (arrow: new bone). Quantification of regenerated bone was calculated. Scale Bar,

50 pm (upper) and 100 pm (lower). (B) Micro CT analysis showed repair of bone defect in SD rats after
transplantation of H-PDLSC sheet, P-PDLSC sheet and P-PDLSC sheet with 10~7 Mol/L Osthole. *P < 0.05,
**%P<0.001,n=3.

Flowcytometric characterization of surface markers expression pattern on PDLSCs. PDLSCs
were stained with antibodies for stem cell surface markers and analyzed by flow cytometry. Briefly, to identify the
phenotypes of PDLSCs, 5 x 10° cells at the passage 3 were incubated with phycoerythrin (PE) conjugated mon-
oclonal antibodies for human CD146, CD34 (Biolegend, San Diego, CA, USA), CD90, CD14 (eBioscience, San
Diego, CA, USA) and fluorescein isothiocynante (FITC) conjugated monoclonal antibodies for STRO-1, CD105
(eBioscience, San Diego, CA, USA) as the manufacturer’s instructions. The incubation procedure was carried
out at 4°C away from light for 1hour. After washing with PBS, cells were subjected to flow cytometric analysis
(Beckman Coulter, Fullerton, CA, USA).

Cell sheet culture. 1 x 10° cells per well were seeded in 6-well dishes for 24 hrs subsequently incubated with
cell sheet-induction medium (50 pg/mL vitamin C) for cell sheet production. Meanwhile, containing DMSO or
Osthole with different contributions were according to the group design. Induction medium with stimulation
was changed every 3 days. After 14 days, the resulting cell sheets were taken photos by a CDD camera or a light
microscope (BX-51, Olympus, Japan). Then cell sheets were harvested using sterile tweezers and fixed in 4%
paraformaldehyde for 12 hrs for the following experiments, or stained with ARS (sheets were continued 14 days
osteogenic induction) or ALP (sheets were continued 7 days osteogenic induction) directly, or extracted RNA or
proteins for qRT-PCR or western blot.

Small-molecule-compounds application. To characterize and compare the osteogenic effect of
Genistein, Xanthohumol, Osthole and kaempferol (National Institutes for Food and Drug Control, Beijing,
China) on P-PDLSCs, 1 x 10° cells per well were maintained in 12-well dishes for 24 hrs subsequently incubated
with 107> Mol/L, 10~ Mol/L Genistein, Xanthohumol, Osthole or kaempferol or DMSO with equal quantity in
a-MEM for 48 hrs'®. Then culture conditions were replaced with osteogenic induction medium (100 nM dexa-
methasone, 50 mg/ml ascorbic acid, and 5 mM b-glycerophosphate; Sigma, St Louis, MO, USA) with 107>, 10~¢
Genistein, Xanthohumol, Osthole or kaempferol or DMSO with equal quantity all along for 7 days or 21 days for
ALP staining or ARS staining. Osteogenic induction medium with small-molecule-compounds was refreshed
every 3 days.

Cellular toxin assay. To identify concentrations of Osthole that would positively influence P-PDLSC
behavior, based on previous study'®, we selected 6 concentrations (0 Mol/L, 10~*Mol/L, 10~> Mol/L, 10~°Mol/L,
107" Mol/L and 1077 Mol/L for the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells were maintained in 96-well culture dishes at a concentration of 2 x 10° per well. After growing in «-MEM
for 24h, medium was replaced with a-MEM containing different concentrations of Osthole all along. Each con-
centration group included 5 wells. MTT assay was carried out each day of a 7-day culture period. Briefly, 20 mL of
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5mg/mL MTT solution (Sigma Aldrich, 5mg/mL) was added to each well and incubated for 4 h. The medium was
discarded, formazan salts were dissolved with vibration in 150 mL dimethylsulfoxide (DMSO) (Sigma Aldrich),
and the dishes were read at 490 nm by a microplate reader (ELx800, BioTek Instruments Inc., Highland Park,
USA). Statistical images were presented by Prism 5.0 (GraphPad Software, La Jolla, CA, USA).

Alkaline phosphatase (ALP) staining. After osteogenic induction for 7 days, cells were rinsed two times
with phosphate-buffered saline (PBS). Then nitro blue tetrazolium (NBT) and 5-bromo-4-chroro-3-indolyl phos-
phate (BCIP) (Beyotime, Shanghai, China) were added into cells for the staining. 30 min later, staining agent was
discarded and cells were rinsed two times with PBS in order to preclude non-positive staining. Images of each
sample were acquired using a CDD camera.

Alizarin Red S (ARS) staining. After osteogenic induction for 21 days, cells were rinsed two times with
PBS. Then 1% Alizarin Red S (Kermel, Tianjin, China) were added into cells for the staining. 1 min later, staining
agent was discarded and cells were rinsed two times with PBS in order to except non-positive staining. Images of
each sample were acquired using a CDD camera. To quantify matrix mineralization, Alizarin red S-stained cells
were incubated in 100 mM cetylpyridinium chloride through vibration to solubilize and release calcium-bound
Alizarin red S into the solution. The absorbance of the released Alizarin red S was measured at 562 nm. Relative
Alizarin red S intensity was calculated according to the absorbance and presented by Prism 5.0.

To evaluate the effect of Osthole at a concentration of 1077 Mol/L on the osteogenic differentiation of
P-PDLSCs, we designed 3 testing groups, H-PDLSCs + DMSO, P-PDLSCs + DMSO and P-PDLSCs + Osthole
(10~7Mol/L). Briefly, cells (P3) were maintained into bottles and cultured until the cells reached 80% confluence,
then subjected to DMSO or Osthole stimulation for 14 days. Stimulation medium was refreshed once every 3
days. After the stimulation, cells were passed to P4, P6 and P10. To examine osteogenic potential, cells of 3 groups
in P4, P6 and P10 (each at a density of 1 x 10° cells/well) were maintained into 12-well dishes separately and fur-
ther induced with osteogenic medium for 7 days or 21 days in the same condition for ALP staining or ARS stain-
ing. According to the absorbance of the released Alizarin Red S, graph was made by ratio of P-PDLSCs + Osthole
group and P-PDLSCs + DMSO group by Prism 5.0.

Total RNA extraction and Quantitive Real-time reverse transcriptase-polymerase chain reac-
tion (QRT-PCR). Total cellular RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Isolated total RNA was then subjected to reverse transcription using
OligodT primer and PrimeScript® RTase (Takara, Dalian, China) according to the manufacturer’s instructions.
qRT-PCR was performed with SYBR® Premix Ex Taq™ II (Takara, Dalian, China) using the C1000TM Thermal
Cycler (Bio-Rad, Hercules, CA, USA). The expression levels of the target genes were normalized to that of the
housekeeping gene GAPDH. Images were presented by Prism 5.0. The sequences of primers used are shown in
Supplementary Table 1.

Protein isolation and western blot analysis. Total proteins were extracted with lysis buffer (10mM
Tris-HCI, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulfate, 1% Nonidet P-40, 1:100
proteinase inhibitor cocktail, 50 mM (3-glycerophosphate, 50 mM sodium fluoride) (Beyotime, Shanghai, China).
The protein concentration was determined with a protein assay kit (Beyotime) following the manufacturer’s
instructions. Aliquots of 40 pg per sample were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA) and blocked with 5% bovine serum albumin (BSA) in PBST (PBS with 0.1% Tween), then incu-
bated with the following primary antibodies overnight: anti-ALP (#ab65834), anti-Osterix (#ab187158),
anti-H3K9Ac (#ab10812), anti-H3K14Ac (#ab52946), anti-Fibronectin (#ab32419), anti-Periostin (#ab92460)
(Abcam, Cambridge, UK), anti-MOZ (#sc-5713), anti-MORF (#sc-368690) (Santa Cruz Biotechnology, CA,
USA), anti-Runx2 (#12556), anti-Integrin (#9699) (Cell Signaling Technology, Beverly, MA, USA), anti-3-actin
(#CW0100, CWBIO, China). Then, the membranes were incubated with horseradish peroxidase-conjugated sec-
ondary antibody (Boster, Wuhan, China). The blots were visualized using an enhanced chemiluminescence kit
(Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer’s instructions. Western blot inten-
sity was calculated by Image-Pro Plus 6.0 (media cybernetics, USA) according to the ratio of experimental group
to control group corrected by (3-actin.

Small interfering RNA (siRNA) and transfection assays. For siRNA inhibition studies, PDLSCs were
grown to 60% confluence. SiRNA against human MOZ, MORF and a negative control (Ribobio Co., China)
were transfected into cells at a final concentration of 50 nM using the Lipo2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. After transfection, the cells were harvested at 48 h for protein
extraction or the medium was changed to osteogenic medium with Osthole for the following experiments.

Acetylation of H3K9 and H3K14. Total proteins were extracted with lysis buffer (10 mM Tris-HCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulfate, 1% Nonidet P-40, 1:100 proteinase inhibi-
tor cocktail, 50 mM (3-glycerophosphate, 50 mM sodium fluoride) (Beyotime, Shanghai, China). The acetylation
of H3K9, and H3K14 was determined with EpiQuikTM Global Acetyl Histone H3K9 Quantification Kit and
EpiQuikTM Global Acetyl Histone H3K14 Quantification Kit (Epigentek, Farmingdale, NY, USA) following the
manufacturer’s instructions.

Haematoxylin and eosin (H & E) staining. Harvested PDLSC sheets from 3 group were fixed with 4%
paraformaldehyde at 4°C overnight. Then, the samples were rinsed three times with PBS. The samples were sec-
tioned along the vertical direction of the sheets every 5pm and stained with H & E by H & E kit (Labest, China).
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Specimens were observed under a light microscope, and images of each sample were acquired randomly using
a CDD camera. Quantification of the thickness of cell sheets was carried out using the software of Image-Pro Plus
6.0 (Media Cybernetics, USA), and images were presented by Prism 5.0.

Scanning electron microscope (SEM). Cell sheets were fixed in 2.5% glutaraldehyde and dehydrated
gradually in ethanol (from 30 to 100%). The samples were further dried under critical point conditions and
sputter coated with platinum. Observations were then performed using a scanning electron microscope (SEM;
S-4800; Hitachi, Ltd., Tokyo, Japan).

Ectopic bone regeneration assays. The use of nude mice for research was approved by the IRB of FMMU.
The surgical procedures were performed according to the guidelines of the Animal Care Committee of FMMU.
Nine 8-week-old male nude mice were purchased from the FMMU Animal Center. The in vivo bone formation
capacity of PDLSC sheets derived from different pre-incubated cells (H-PDLSCs + DMSO, P-PDLSCs + DMSO
and P-PDLSCs + Osthole (1077 Mol/L) was investigated based on an ectopic transplantation model'®. The trans-
plants were composed of 15 mg of calcined bovine bone (CBB) wrapped in 4-fold sheets.

1% pentobarbital sodium solution (0.1 mL/100 g) was used for intraperitoneal anesthesia of nude mice. The
transplants were subcutaneously transplanted into the dorsal region of nine 8-week-old male nude mice with 3
nude mice in each group. After 2 months, the mice were euthanized and the excised tissue samples were fixed in
4% paraformaldehyde for 24 hrs and then the samples were decalcified with 10% ethylene diamine tetraacetic acid
(EDTA) for 1 month. The obtained samples were subjected to H & E staining. The percentage of new bone area in
the total area was calculated from 3 randomly selected fields from each specimen with the aid of Image-Pro Plus
6.0. The mean percentage of new bone area in the total area was obtained for the statistical analysis. Statistical
images were presented by Prism 5.0.

Inferior alveolar defect mode. The use of Sprague-Dawley (SD) male rats for research was approved by
the IRB of FMMU. The surgical procedures were performed according to the guidelines of the Animal Care
Committee of FMMU. Fifteen SD rats (weighing 180 & 15g) from the FMMU Animal Center were randomly
divided into 5 groups, with 3 animals in each group. 1% pentobarbital sodium solution (0.1 mL/100 g) was used
for intraperitoneal anesthesia of SD rats.The skin at the surgical site was shaved and disinfected with iodophor.
An incision through the full thickness of the skin was made along the inferior border of the unilateral mandi-
ble and the masseter muscle and periosteum were removed to expose the buccal surface of the mandible. An
inverted cone bur, supported with copious saline irrigation, was used to remove the alveolar bone and cementum
covering the roots of the mandibular molars, resulting in a periodontal defect (approximately 3mm X 2 mm).
These defects were filled with sheet/CBB constructs (sheets obtained from 6-well culture dishes, folded 4 times,
wrapping 3 mg of CBB). PDLSC sheets were derived from 3 different pre-incubated cells as described in the group
design (H-PDLSCs + DMSO, P-PDLSCs + DMSO and P-PDLSCs + Osthole (107 Mol/L). Simultaneously, no
defects and defects without anything served as the control groups. After implantation, penicillin was adminis-
tered by muscular injection at 25,000 U/kg body weight. Rats were euthanized by excess anesthetic 4 weeks later
and the mandible samples were harvested and fixed in 4% paraformaldehyde solution for 24 h. Then the samples
were defined by microCT.

MicroCT. Samples from the inferior alveolar defect mode were scanned using a Siemens Inveon
Microcomputed Tomography (Micro-CT) System (Siemens, Munich, Germany) with the following scanning
parameters: 30 pm resolution, 80 kV and 500 pA. The obtained data were transferred to a workstation and then
three dimensional (3D) images were reconstructed by the system software. Mean area of defects was assessed by
built-in software. Statistical images were presented by Prism 5.0.

Immunohistochemistry (IHC). To quantify the expression of MOZ and MOREF in cell sheet, specimens
were processed using identical protocols. Briefly, paraffin embedded tissue sections were de-waxed in xylene and
rehydrated through graded alcohols to water. Endogenous peroxidase was blocked using 3% H,O, for 15 minutes.
For antigen retrieval, 10% citrate buffer was used in high-pressure boiler for 15 minutes. Specimens were blocked
with 10% serum for 30 minutes, then incubated with primary antibody anti-MOZ (#sc-5713), anti-MORF (#sc-
368690) (Santa Cruz Biotechnology, CA, USA) for two hours. Secondary antibody was applied for one hour at
room temperature. Specimens were then incubated in strept avidin-biotin complex (SABC) (Boster, Wuhan,
China) for 30 min. Diaminobenzidine (DAB) solution was applied for 2 min and development of the color reac-
tion was monitored microscopically. Specimens were counterstained with hematoxylin, dehydrated, cleared and
then mounted. Specimens were observed under a light microscope, and images of each sample were acquired ran-
domly using a CDD camera. Quantification of MOZ/MORE-positive staining was carried out using the software
of Image-Pro Plus 6.0, and images were presented by Prism 5.0.

Statistical analyses. Data from triplicate in vitro experiments are presented as mean + S.D. The Student’s
t-test was used for comparing two groups of data at p < 0.05, p < 0.01 or p < 0.001 level of significance. Two-way
analysis of variance (ANOVA) in conjugation with Tukey’s test was used to compare multiple groups of data at
p<0.05,p<0.01 or p <0.001 level of significance. All of the statistical testing results were determined by Prism 5.
The Student’s t-test was performed on MTT, quantification of ARS, qRT-PCR in comparison of two groups, quan-
tification of H & E, and quantification of IHC. Two-way ANOVA was performed on qRT-PCR in comparison of
three groups, QRT-PCR of acetylases screening.

SCIENTIFICREPORTS |7: 5254 | DOI:10.1038/541598-017-05762-7 11



www.nature.com/scientificreports/

References

1.
2.

3.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Pihlstrom, B. L., Michalowicz, B. S. & Johnson, N. W. Periodontal diseases. Lancet. 366, 1809¢20 (2005).

Chen, E M., Sun, H. H,, Lu, H. & Yu, Q. Stem cell-delivery therapeutics for periodontal tissue regeneration. Biomaterials. 33,
6320-6344 (2012).

Liu, Y. et al. MiR-17 modulates osteogenic differentiation through a coherent feed-forward loop in mesenchymal stem cells isolated
from periodontal ligaments of patients with periodontitis. Stem Cells. 29, 1804-1816 (2011).

. Liu, N. et al. High levels of 3-catenin signaling reduce osteogenic differentiation of stem cells in inflammatory microenvironments

through inhibition of the noncanonical Wnt pathway. ] Bone Miner Res. 26, 2082-2095 (2011).

. Irwandi, R. A. & Vacharaksa, A. The role of microRNA in periodontal tissue: A review of the literature. Arch Oral Biol. 72, 66-74

(2016).

. Martins, M. D. et al. Epigenetic Modifications of Histones in Periodontal Disease. ] Dent Res. 95, 215-222 (2016).
. Sen, P, Shah, P. P,, Nativio, R. & Berger, S. L. Epigenetic Mechanisms of Longevity and Aging. Cell. 166, 822-839 (2016).
. Li,Q, Ma, Y., Zhu, Y,, Zhang, T. & Zhou, Y. Declined Expression of Histone Deacetylase 6 Contributes to Periodontal Ligament Stem

Cell Aging. ] Periodontol. 26, 1-22 (2016).

. Li, B. et al. GCN5 modulates osteogenic differentiation of periodontal ligament stem cells through DKK1 acetylation in

inflammatory microenvironment. Sci Rep. 6, 26542 (2016).

. Harrison, C. Epigenetic drugs: new modulators of readers and erasers. Nat Rev Drug Discov. 12, 188 (2013).

. Kaiser, J. Epigenetic drugs take on cancer. Science. 330, 5768 (2010).

. Fong, C.Y,, Gilan, O. & Lam, E. Y. BET inhibitor resistance emerges from leukaemia stem cells. Nature. 525, 538-542 (2015).

. You, L, Feng, S., An, R. & Wang, X. Osthole: a promising lead compound for drug discovery from a traditional Chinese medicine

(TCM). Nat Prod Commun. 4, 297-302 (2009).

. Tang, D. Z. et al. Osthole stimulates osteoblast differentiation and bone formation by activation of 3-catenin-BMP signaling. ] Bone

Miner Res. 25, 1234e45 (2010).

Pai, J. T. et al. NBM-T-BBX-0S01, Semisynthesized from Osthole, Induced G1 Growth Arrest through HDAC6 Inhibition in Lung
Cancer Cells. Molecules. 20, 8000-8019 (2015).

Huang, W. J. et al. Synthesis of N-hydroxycinnamides capped with a naturally occurring moiety as inhibitors of histone deacetylase.
ChemMedChem. 5, 598-607 (2010).

Kim, K., Utoh, R., Ohashi, K., Kikuchi, T. & Okano, T. Fabrication of functional 3D hepatic tissues with polarized hepatocytes by
stacking endothelial cell sheets in vitro. J Tissue Eng Regen Med. (2015).

Gao, L. N. et al. The effect of the coumarin-like derivative osthole on the osteogenic properties of human periodontal ligament and
jaw bone marrow mesenchymal stem cell sheets. Biomaterials. 34,9937-9951 (2013).

Hu, N. et al. Inhibition of histone deacetylasespotentiates BMP9-induced osteogenic signaling in mouse mesenchymal stemcells.
Cell Physiol Biochem. 32, 486-498 (2013).

Ali, M. et al. Tandem PHD fingers of MORF/MOZ acetyltransferases display selectivity for acetylated histone H3 and are required
for the association with chromatin. ] Mol Biol. 424, 328-338 (2012).

Cai, B. et al. Promoting Effects on Proliferation and Chondrogenic Differentiation of Bone Marrow-Derived Mesenchymal Stem
Cells by Four “Kidney-Tonifying” Traditional Chinese Herbs. Biomed Res Int. 2015, 792161 (2015).

Kushwaha, P. et al. A novel therapeutic approach with Caviunin-based isoflavonoid that en routes bone marrow cells to bone
formation via BMP2/Wnt-(3-catenin signaling. Cell Death Dis. 5, e1422 (2014).

Jeong, H. M. et al. Xanthohumol from the hop plant stimulates osteoblast differentiation by RUNX2 activation. Biochem Biophys Res
Commun. 409, 82-89 (2011).

Gupta, G. K. et al. Osteogenic efficacy enhancement of kaempferol through an engineered layer-by-layer matrix: a study in
ovariectomized rats. Nanomedicine (Lond) 8, 757-771 (2013).

Zimecki, M. et al. Inmunomodulatory and anti-inflammatory activity of selected osthole derivatives. Z Naturforsch C 64, 361-368
(2014).

Bird, A. Perceptions of epigenetics. Nature. 447, 396-398 (2007).

Addison, W. N. et al. Direct transcriptional repression of Zfp423 by Zfp521 mediates a bone morphogenic protein-dependent
osteoblast versus adipocyte lineage commitment switch. Mol Cell Biol. 34, 3076-3085 (2014).

Campeau, P. M. et al. The KAT6B-related disorders Genitopatellar syndrome and Ohdo/SBBYS syndrome have distinct clinical
features reflecting distinct molecular mechanisms. Hum Mutat. 33, 1520-1525 (2012).

Pelletier, N., Champagne, N., Stifani, S. & Yang, X. J. MOZ and MOREF histone acetyltransferases interact with the Runt-domain
transcription factor Runx2. Oncogene. 21, 2729-2740 (2002).

Imamura, T. et al. Rearrangement of the MOZ gene in pediatric therapy-related myelodysplastic syndrome with a novel
chromosomal translocation t(2;8)(p23;p11). Genes Chromosomes Cancer 36, 413-419 (2003).

Chen, E. M., Shelton, R. M,, Jin, Y. & Chapple, I. L. Localized delivery of growth factors for periodontal tissue regeneration: role,
strategies, and perspectives. Med Res Rev. 29, 472e513 (2009).

Chen, E M, An, Y., Zhang, R. & Zhang, M. New insights into and novel applications of release technology for periodontal
reconstructive therapies. ] Control Release. 149, 92e110 (2011).

Jiang, Y. H., Bressler, . & Beaudet, A. L. Epigenetics and human disease. Annu Rev Genomics Hum Genet. 5,479-510 (2014).

Acknowledgements

This work was supported by the National Key Research and Development Program of China (No.
2016YFC1101400), and the grants from the National Natural Science Foundation of China (No. 81570976,
81501885, 31501121, and 31401255) and Natural Science Foundation research project of Shaanxi Province
(2016JQ8019).

Author Contributions

Bei, L. and Yan, J. were involved in conceptualizing and design of the study; Jin, S., Xiaoning, He. And Dongdong
E performed experiments; Zhiwei, D., Yang, Z., Fang, J. and Lin, Y. analyzed and interpretation of the data; Jin,
S. and Bei, L. drafted the manuscript; all the authors approved the final version to be published. All authors
discussed the results and implication and commented on the manuscript at all stages.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05762-7

Competing Interests: The authors declare that they have no competing interests.

SCIENTIFICREPORTS | 7: 5254 | DOI:10.1038/s41598-017-05762-7 12


http://dx.doi.org/10.1038/s41598-017-05762-7

www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 5254 | DOI:10.1038/541598-017-05762-7 13


http://creativecommons.org/licenses/by/4.0/

	Osthole improves function of periodontitis periodontal ligament stem cells via epigenetic modification in cell sheets engin ...
	Results

	Osteogenic effect of TCMs on P-PDLSCs. 
	Osthole reverses defective osteogenic ability of P-PDLSCs. 
	Osthole reverses defective osteogenesis of P-PDLSCs through histone acetylation. 
	Decreased osteogenic differentiation of H-PDLSCs with MOZ & MORF depletion. 
	Osthole improves the formation and osteogenesis of P-PDLSC sheet. 
	Osthole upregulates the expression of MOZ and MORF in P-PDLSC sheet. 
	Osthole treated P-PDLSC sheet shows improved bone formation in animal model. 

	Discussion

	Materials and Methods

	Cell culture. 
	Flowcytometric characterization of surface markers expression pattern on PDLSCs. 
	Cell sheet culture. 
	Small-molecule-compounds application. 
	Cellular toxin assay. 
	Alkaline phosphatase (ALP) staining. 
	Alizarin Red S (ARS) staining. 
	Total RNA extraction and Quantitive Real-time reverse transcriptase-polymerase chain reaction (qRT-PCR). 
	Protein isolation and western blot analysis. 
	Small interfering RNA (siRNA) and transfection assays. 
	Acetylation of H3K9 and H3K14. 
	Haematoxylin and eosin (H & E) staining. 
	Scanning electron microscope (SEM). 
	Ectopic bone regeneration assays. 
	Inferior alveolar defect mode. 
	MicroCT. 
	Immunohistochemistry (IHC). 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Osthole reverses defective osteogenic ability of P-PDLSCs.
	Figure 2 Osthole reverses defective osteogenesis of P-PDLSCs through histone acetylation.
	Figure 3 Osteogenic differentiation of H-PDLSCs with MOZ & MORF depletion.
	Figure 4 Osthole improves the formation of P-PDLSC sheet.
	Figure 5 Osthole improves osteogenesis of P-PDLSC sheet.
	Figure 6 Expression of MOZ and MORF in PDLSC sheets with Osthole treatment.
	Figure 7 Osthole treated P-PDLSC sheet shows enhanced bone formation in animal model.




