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Abstract: Human dental pulp stem cells (hDPSCs), which are characterized by self-renewal capacity
and the ability of multilineage differentiation, have gained increased attention in regenerative
medicine recently. Histone acetylation modulator proteins (HAMPs) are a protein family that
mediates the modification and identification of histone acetylation and participates in various critical
cellular processes. Here, we comprehensively surveyed the expression profile of HAMPs during
osteoblast differentiation of hDPSCs and found that the HDAC class III pathway was upregulated,
whereas the signal transducer and activator of transcription 3 (STAT3) signaling was downregulated
during osteogenesis. Further laboratory research demonstrated that Sirtuin-1 (SIRT1), a class III
HDAC, was upregulated and STAT3 activation was downregulated during osteogenic differentiation.
SIRT1 counteracted the activation of STAT3 to promote osteogenic differentiation of hDPSCs at 7 and
21 days in both Western blot assay and chemical staining, which highlights the promising utility of
SIRT1 activators in hDPSCs-based therapies for bone augmentation strategies and provides clinical
insights that may lead to the development of osteogenic agents.

Keywords: dental pulp stem cells; SIRT1; STAT3; histone acetylation modulator proteins;
osteogenic differentiation

1. Introduction

Human dental pulp stem cells (hDPSCs), currently considered to be a type of mes-
enchymal stem cells (MSCs), are isolated from dental pulp tissue, which has excellent
self-renewal capacity and the ability of multidirectional differentiation [1–3]. These cells
can differentiate into odontoblasts, chondrocytes, adipocytes, or osteoblasts under proper
environmental conditions or certain induction and might be useful in oral and maxillofacial
reconstruction, orofacial bone regeneration, and periodontal treatment [4,5]. hDPSCs have
gained increased attention in tissue regeneration applications such as bone engineering,
thanks to their multidirectional differentiation potency, easy availability, cost-effectiveness,
cryopreserved ability, fewer side effects, and lack of ethical concerns [6,7]. The proliferation
and osteogenic differentiation of hDPSCs need to be enhanced as much as possible to fulfill
the demands of tissue engineering. Unfortunately, the exact mechanism of osteogenic
differentiation is not fully understood, which might be a crucial barrier for the clinical
implementation of hDPSCs.

The lineage commitment and differentiation process of hDPSCs are under both genetic
and epigenetic control. Epigenetic regulation of DNA and DNA-related histone has been
shown to regulate the phenotype, regeneration, and multidirectional differentiation of stem

Coatings 2021, 11, 1353. https://doi.org/10.3390/coatings11111353 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-5306-9840
https://orcid.org/0000-0001-6095-9879
https://doi.org/10.3390/coatings11111353
https://doi.org/10.3390/coatings11111353
https://doi.org/10.3390/coatings11111353
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11111353
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11111353?type=check_update&version=1


Coatings 2021, 11, 1353 2 of 10

cells [8]. Histone acetylation modulator proteins (HAMPs) are a protein family that could
modify and identify histone acetylation, which fall into classes including histone acetyl-
transferases (HATs, writers), histone deacetylases (HDACs, erasers), and readers [9–12].
A large and growing body of literature has recognized the importance of HAMPs in both
the physiological and pathological processes, such as cellular differentiation, organism
development, cancer, inflammation, and metabolic disease [10,13]. However, research has
yet to systematically investigate the HAMPs during osteoblast differentiation of hDPSCs.

Sirtuin-1 (SIRT1) from class III HDAC is a kind of deacetylates protein exerting va-
rieties of physiological functions containing DNA repair, cellular stress resistance, cell
death threshold modulation, and metabolic parameters [14–16]. Although it is now well-
established that SIRT1 regulates the transcription of signal transducer and activator of
transcription 3 (STAT3), a transcription factor that participates in various critical cellular
processes [17–19], the functional significance of SIRT1 during osteogenic differentiation of
hDPSCs remains ill-defined, and the role of the SIRT1-STAT3 axis in osteogenic differentia-
tion remains unclear.

In this report, we comprehensively surveyed the expression profile of HAMPs during
osteoblast differentiation of hDPSCs. Our research demonstrated that SIRT1 counteracted
the activation of STAT3 and promoted the osteogenic differentiation of hDPSCs at both
early and late stages, with a train of bioinformatics analyses and laboratory findings. These
findings emphasize the importance of the SIRT1 agonist in osteogenic differentiation, which
may lead to the discovery of osteogenic agents.

2. Materials and Methods
2.1. hDPSCs’ Isolation and Culture

This research was approved and supervised by the Institutional Review Board of
Nanjing Stomatological Hospital (KY-2020NL-029, Nanjing, China). Orthodontic impacted
premolar teeth were collected from adults (aged 18–25 years) at Nanjing Stomatological
Hospital. Five patients and ten premolars were included in the study. Prior to the study,
each participant provided informed consent. Primary human pulp stem cells were isolated
by both the explant and the enzymatic digestion method. Tooth surfaces were cleaned off
and split along the long axis of the teeth by sterile instruments (NSK, Tokyo, Japan) under
aseptic conditions. The pulp was extracted from the exposed pulp chamber using sterile
tweezers and minced into tiny pieces (<1 mm3), and digested in 5 mg/mL collagenase
type P (Roche, Basel, Switzerland) for 1 h at 37 ◦C, with vortex every 10 min to help tissue
disruption. Cells were seeded in culture dishes with growth medium (α-MEM (Gibco,
Grand Island, NY, USA), supplemented with 10% fetal calf serum (Hyclone, Logan, UT,
USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Invitrogen, Carlsbad, CA, USA))
in a moist atmosphere of 95% air and 5% CO2 at 37 ◦C after centrifugation. Cells were split
when they reached 80% confluence. The fourth-passage cells were used in all experiments
in this paper except for the FACS analysis.

2.2. Characterization of hDPSCs

hDPSCs were characterized by differentiation potential assessment and the surface
marker test. hDPSCs were cultured in osteogenic media for osteogenic differentiation and
chondrogenic differentiation according to the following protocol. hDPSCs were identified
via their expression of cell surface antigens by flow cytometric analysis, including CD90,
CD105, CD34, and CD45.

2.3. Osteogenic Differentiation

For osteogenic differentiation, adherent hDPSCs were seeded on 6-well plates at a
density of 1 × 104 cells/mL and cultured in the osteogenic induction medium (α-MEM con-
taining 20% fetal calf serum (Hyclone, Logan, UT, USA), 100 U/mL penicillin, 100 µg/mL
streptomycin, 0.1 µM dexamethasone (Solarbio, Beijing, China), and 30 µg/mL L-Ascorbic
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Acid 2-phosphate (Sigma, Saint Louis, MO, USA)). The medium was replaced every 3 days
during the incubation period.

2.4. Chondrogenic Differentiation

To induce chondrogenic differentiation, adherent hDPSCs were transferred to a 15 mL
centrifuge tube containing chondrogenic induction medium (α-MEM containing 20% FBS,
100 U/mL penicillin, 100 µg/mL streptomycin, 10−7 M dexamethasone, 10 ng/mL TGF
β(c) (Sigma, Saint Louis, MO, USA), 50 µg/mL AA2P, and 1% ITS (Sigma, Saint Louis, MO,
USA)). The medium was also changed every 3 days. After 14 days of culture, chondrogenic
differentiation was confirmed by Alcian Blue staining (Solarbio, Beijing, China).

2.5. Alkaline Phosphatase (ALP) Staining and Von Kossa Staining

After 7 days of culture, differentiation of the cells into osteoblasts was confirmed by
ALP staining (Solarbio, Beijing, China). After 21 days of culture, calcification in osteoblasts
was detected by von Kossa staining (Solarbio, Beijing, China). hDPSCs were subjected to
ALP staining or von Kossa staining using the corresponding assay kit, according to the
standard directions, and photographed under a microscope.

2.6. Flow Cytometry (FCM) Analysis

The first-passage hDPSCs were harvested and washed twice with PBS and incubated
with the following antibodies (all from BD Biosciences): CD90 (Clone 5E10, #561971),
CD105 (Clone 266, #562408), CD34 (Clone 581, # 560942), and CD45 (Clone HI30, # 555482).
The cells were labeled according to manufacturer’s protocols. Matched labeled isotypes
were used as controls. We used a FACS Calibur instrument (BD Biosciences, Franklin Lakes,
NJ, USA) to subject the samples and analyze the data with FlowJo software.

2.7. Western Blot

Proteins were retrieved from hDPSCs in RIPA lysis buffer (Beyotime), then subjected
to SDS gel electrophoresis and electrophoretically transferred onto a PVDF membrane,
and blocked with 5% nonfat milk in Tris-buffered saline for 1 h at room temperature.
The membranes were incubated at 4 ◦C overnight with proper dilution according to
the instruments of the following antibodies: GAPDH (#5174, Cell Signaling Technology,
Danvers, MA, USA), SIRT1 (#ab32441, Abcam, Cambridgeshire, UK), STAT3 (#9139, Cell
Signaling Technology, Danvers, MA, USA), STAT3 phosphorylation (#9145, Cell Signaling
Technology, Danvers, MA, USA), OPN (#ab8448, Abcam), and BSP (#ab84787, Abcam,
Cambridgeshire, UK). The proteins were visualized using an enhanced chemiluminescence
system (Alpha Innotech, San Leandro, CA, USA).

2.8. Bioinformatics Analysis

The microarray dataset was retrieved from EMBL EBI ArrayExpress Data Bank (https:
//www.ebi.ac.uk/arrayexpress, accessed on 1 July 2020) under Array Express accession
E-MTAB-3010 [20]. The histone acetylation modulator proteins (HAMPs) gene family
members (n = 73) were defined based on a recent study [11]. The Bioconductor package
complexHeatmap was used to visualize the expression pattern of HAMPs during osteoblast
differentiation of hDPSCs [21]. GSEA was performed between the Day 21 group and the
Day 0 group [22]. The rank is based on the fold change as computed with limma [23]. The
database used by GSEA is the Molecular Signatures Database v7.1.

2.9. Statistical Analysis

The quantitative data between two groups were analyzed with Student’s t-test. The
two-sided p-value less than 0.05 was defined as statistically significant for the statistical
analyses. The data were plotted as mean ± standard deviation (SD). All testing was carried
out using Prism 6.0 (GraphPad, San Diego, CA, USA).

https://www.ebi.ac.uk/arrayexpress
https://www.ebi.ac.uk/arrayexpress
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3. Results
3.1. A Systematic Landscape of the Expression Pattern of HAMPs during Osteoblast
Differentiation of hDPSCs

To gain a systematical expression profile of HAMPs during the osteogenic differentia-
tion process of hDPSCs, we analyzed a publicly available transcriptomics dataset using
the curated HAMPs gene list. The HAMPs family members were categorized as four
clusters, as previously reported [11]. Most HAMP genes were differentially expressed
during osteogenic induction, in which two expression clusters can be clearly recognized:
Cluster A (TAF1L, HDAC5, NCOA3, SIRT4, SIRT1, etc.) was highly expressed in the
Day 21 group, while Cluster B (PHIP, ATAD2, HDAC9, etc.) showed high expression in
the Day 0 group (Figure 1A). GSEA pathway analysis displayed an upregulation of the
osteoblast differentiation pathway (NES = 1.45) (Figure 1B) and its positive regulation
signaling (NES = 1.57) (Figure 1C), validating the successful induction. We noticed that the
HDAC class III pathway was upregulated (NES = 1.25) (Figure 1D), whereas the STAT3
signaling was downregulated during osteoblast differentiation (NES = −1.3) (Figure 1E).
Taken together, these data indicated that the HAMPs might be involved in osteoblast
differentiation and STAT3 might be involved in the pathway.
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Figure 1. Systematically analyzing the expression pattern of histone acetylation modulator proteins (HAMPs) during
osteoblast differentiation of hDPSCs. (A) Heatmap showing the expression pattern of HAMPs during osteoblast differentia-
tion of hDPSCs. The gene categories of HAMPs are indicated by different colors. The publicly available dataset was under
ArrayExpress accession E-MTAB-3010. Red indicates high expression, and blue indicates low expression. (B–E) GSEA
analysis of osteoblast differentiation pathway, HDAC class III pathway, and STAT3 pathway on day 0 and day 21. The null
hypothesis was “H0: the genes are randomly distributed”.
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3.2. SIRT1 Was Upregulated and STAT3 Activation Was Suppressed during Osteogenic
Differentiation of hDPSCs

We further isolated and expanded human hDPSCs in vitro. hDPSCs displayed a
typical fibroblast-like morphology (Figure 2A). The flow cytometry assay showed that the
hDPSCs we isolated were positive for mesenchymal cell surface markers (CD90 and CD105),
but were negative for the endothelial-specific marker (CD34) and hematopoietic cell-specific
marker (CD45), which validated the immunophenotype of hDPSCs (Figure 2B). Moreover,
the osteoblastic phenotype of hDPSCs was analyzed by ALP staining and von Kossa
staining. Results showed that osteogenic induction promoted osteogenic differentiation at
both the early stage and late stage (Figure 2C). Overall, the above results confirmed the
isolation, characterization, and osteogenic differentiation of hDPSCs in vitro.
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(BSP), a late-stage osteogenesis marker, increased gradually, and peaked on the 21st day 
after in vitro differentiation. Consistent with the aforementioned bioinformatics results 
and the staining results, we demonstrated osteogenic differentiation during osteogenic 
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less, p-STAT3 decreased in a time-dependent manner during the process (Figure 2D). It 
hinted that SIRT1 might also play a role in the phosphorylation of STAT3. 

3.3. SIRT1 Counteracted the Activation of STAT3 in hDPSCs 
The negative regulation of STAT3 by SIRT1 is well-established in other cell types or 
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Figure 2. Isolation, characterization, and osteogenic differentiation of hDPSCs. (A) Morphology of hDPSCs. hDPSCs
showed a fibroblast-like morphology after 14 days of osteogenesis. (B) Immunophenotype analysis of the first passage
of hDPSCs by flow cytometry. hDPSCs were stained with cell surface marker antigens CD105, CD90, CD45, and CD34.
(C) ALP staining (upper panel) and von Kossa staining (lower panel) were performed on day 14 with or without osteogenic
induction. Long-term culture of hDPSCs in the differentiation medium showed the capacity to form bone nodules. Arrows
indicate osteogenesis. (D) Western blot showing the expression pattern of osteogenesis markers (BSP, OPN), SIRT1, and
p-STAT3 at different time points during osteoblast differentiation. OM: Osteogenic induction medium, RSV: Resveratrol.

The differentiated cells at different time points were then subjected to Western blot
analysis. Osteopontin (OPN), an early-stage marker in the initial time of osteogenesis,
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showed the highest expression on days 4 and 7 after induction, whereas bone sialoprotein
(BSP), a late-stage osteogenesis marker, increased gradually, and peaked on the 21st day
after in vitro differentiation. Consistent with the aforementioned bioinformatics results
and the staining results, we demonstrated osteogenic differentiation during osteogenic in-
duction. We also noticed that SIRT1 expression was upregulated after osteogenic induction,
while the total-STAT3 expression level did not show a significant change. Nevertheless,
p-STAT3 decreased in a time-dependent manner during the process (Figure 2D). It hinted
that SIRT1 might also play a role in the phosphorylation of STAT3.

3.3. SIRT1 Counteracted the Activation of STAT3 in hDPSCs

The negative regulation of STAT3 by SIRT1 is well-established in other cell types
or disease models. However, their relationship in hDPSCs remains unknown. To verify
our previous conjecture and confirm the effect of SIRT1 on STAT3 activation in hDPSCs,
cells were treated with the regulatory compounds of SIRT1 and STAT3 and then subjected
to Western blot examination. Administration with the SIRT1 inhibitor Sirtinol enhanced
STAT3 phosphorylation, while the SIRT1 activator resveratrol (RSV) significantly reduced
the phosphorylation of STAT3 at Tyr705. The STAT3 phosphorylation inhibitor WP1066
was used as a positive control for STAT3 repression. Additionally, we used cells with
medium and osteogenic medium as a negative control (Figure 3). Together, these results
supported the idea that SIRT1 counteracted the activation of STAT3 in hDPSCs.
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Figure 3. SIRT1 counteracted the activation of STAT3 in hDPSCs. hDPSCs were treated with the
SIRT1 activator (resveratrol, RSV, 200 µM) or inhibitor (sirtinol, 120 µM) for 24 h, then subjected
to Western blot examination. A STAT3 phosphorylation inhibitor (WP1066, 5 µM) was used as a
positive control for STAT3 inhibition. OM: Osteogenic induction medium, RSV: Resveratrol.

3.4. The SIRT1-STAT3 Axis Regulated the Osteogenic Differentiation of hDPSCs at Both Early
and Late Stages

Since both our bioinformatics analysis and in vitro results suggested that SIRT1 and
STAT3 may play a crucial role in osteogenic differentiation of hDPSCs, we manipulated
the SIRT1-STAT3 signaling pathway, then examined the osteogenic potential of hDPSCs.
The SIRT1 activator RSV treatment promoted the osteogenic differentiation of hDPSCs,
while sirtinol played an opposite role in the early stage, as measured by ALP staining. The
STAT3 inhibitor WP1066 treatment also enhanced osteogenic differentiation of hDPSCs
(Figure 4A,B). Besides, the expression level of OPN, an early osteogenesis-associated
marker, showed a similar trend to ALP staining (Figure 4C).
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Figure 4. The SIRT1-STAT3 pathway regulated the osteogenic differentiation of hDPSCs at both
early and late stages. (A) ALP staining showing the osteogenic differentiation potential of hDPSCs
at day 7 under indicated conditions. (B) Quantitative analysis of the ALP staining activity from
(A). The null hypothesis of the quantitative analysis was “H0: there is no difference between two
groups”. (C) Western blot showing the expression levels of early osteogenic marker OPN under
indicated conditions. (D) Von Kossa staining and the quantitative analysis (E) showing the osteogenic
differentiation potential of hDPSCs at day 21 under indicated conditions. The null hypothesis of
the quantitative analysis was also “H0: there is no difference between two groups”. (F) Western
blot showing the expression levels of late osteogenic marker BSP under indicated conditions. OM:
Osteogenic induction medium, RSV: Resveratrol. * p < 0.05.

We further investigated the effect of the SIRT1-STAT3 axis on osteogenic differentiation
at the late stage. Both von Kossa staining and Western blot revealed that activating SIRT1 or
suppressing the STAT3 signaling pathway significantly improved the osteogenic differenti-
ation of hDPSCs at the late stage (Figure 4D–F). Collectively, these findings demonstrated
that the SIRT1-STAT3 axis was critically involved in the osteogenic differentiation of hDP-
SCs, in which activation of SIRT1 enhanced the osteogenic differentiation potential via the
repression of STAT3 at both early and late stages.
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4. Discussion

hDPSCs are one of the up-and-coming candidate cells in the tissue engineering field
to repair dental pulp injury or bone tissue defect due to their ability of self-renewal and
multiple differentiation [4]. It is the core step to make clear the mechanisms of hDPSCs’
osteogenic differentiation to acquire predictable bone regeneration. In this study, we firstly
performed a systematical analysis of the expression pattern of HAMPs during osteoblast
differentiation of hDPSCs, and found that the HDAC class III pathway was upregulated,
whereas the STAT3 signaling was downregulated during osteoblast differentiation using a
publicly available time-course dataset. We delineated that SIRT1, a class III HDAC, con-
tributes to osteogenic differentiation of hDPSCs through counteracting STAT3 activation.

More and more attention has been paid to epigenetic regulation on hDPSCs, as
epigenetics could modulate cellular functions without entailing a change in the DNA
sequence [24,25]. Several previous studies have suggested a linkage between epigenetic
reprogramming and hDPSCs’ differentiation, indicating that epigenetic regulation plays
an important role in mineralized regeneration [26–29]. It has been observed that MI192,
which is the selective inhibitor of HDAC2 and 3, promotes the osteogenic differentiation
of hDPSCs [30]. The HDAC inhibitors trichostatin A (TSA) and valproic acid (VPA)
promoted hDPSCs’ proliferation, cell migration, and adhesion [31]. HDAC2 silencing
resulted in an increasing of mineralization markers OPN and BSP, and enhanced osteogenic
differentiation, resembling the effect of VPA [32]. Here, we found that the SIRT1 activator
promoted the osteogenic differentiation of hDPSCs. Resveratrol, a natural activator of
SIRT1, was reported to activate SIRT1 by generating a structural change that could better
attach to the coumarin group, which has already entered into clinical trials [33–35]. Our
study implicated the potential utility of resveratrol in inducing osteogenic differentiation.

SIRT1 plays a role in regulating the activation of STAT3 in a variety of processes. It
has been described that SIRT1 downregulates STAT3 phosphorylation directly [36–38].
Since STAT3 plays a leading role in inflammation, it seems reasonable to hypothesize the
interactions between the inflammatory process and osteogenic differentiation. Further
work is required to investigate the crosstalk between pulpal inflammation and hDPSCs’
osteogenic differentiation.

There are several limitations of this study. First, we manipulated the activity of the
SIRT1-STAT3 signaling pathway through small-molecule compounds. The conclusion can
be further strengthened by the knock-out and overexpression of the target genes. Second,
this study was mainly conducted in silico and in vitro. In vivo research and animal model
research need to be carried out to explore the clinical potential of hDPSCs in regenerative
medicine. Third, we identified that SIRT1 promotes osteogenic differentiation through
repressing STAT3. However, the detailed molecular mechanisms underlying STAT3 and
hDPSCs warrant further investigation.

5. Conclusions

In summary, we performed the first comprehensive analysis of the expression pat-
tern of HAMPs during osteoblast differentiation of hDPSCs. We found that SIRT1 was
upregulated and STAT3 activation was suppressed during osteogenic differentiation. SIRT1
counteracted the activation of STAT3 to promote osteogenic differentiation of hDPSCs at
both early and late stages, which highlights the promising utility of SIRT1 activators in
hDPSCs-based therapies for bone augmentation strategies. Further studies are needed
to fully clarify the roles of other HAMPs in the osteogenic differentiation of hDPSCs and
underlying mechanisms.
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