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Abstract: The use of human dental pulp stromal cells (hDPSCs) has gained increasing attention as 

an alternative stem cell source for bone tissue engineering. The modification of the cells’ epigenetics 

has been found to play an important role in regulating differentiation, with the inhibition of histone 

deacetylases 3 (HDAC3) being linked to increased osteogenic differentiation. This study aimed to 

induce epigenetic reprogramming using the HDAC2 and 3 selective inhibitor, MI192 to promote 

hDPSCs osteogenic capacity for bone regeneration. MI192 treatment caused a time–dose-dependent 

change in hDPSC morphology and reduction in viability. Additionally, MI192 successfully aug-

mented hDPSC epigenetic functionality, which resulted in increased histone acetylation and cell 

cycle arrest at the G2/M phase. MI192 pre-treatment exhibited a dose-dependent effect on hDPSCs 

alkaline phosphatase activity. Quantitative PCR and In-Cell Western further demonstrated that 

MI192 pre-treatment significantly upregulated hDPSCs osteoblast-related gene and protein expres-

sion (alkaline phosphatase, bone morphogenic protein 2, type I collagen and osteocalcin) during 

osteogenic differentiation. Importantly, MI192 pre-treatment significantly increased hDPSCs extra-

cellular matrix collagen production and mineralisation. As such, for the first time, our findings show 

that epigenetic reprogramming with the HDAC2 and 3 selective inhibitor MI192 accelerates the os-

teogenic differentiation of hDPSCs, demonstrating the considerable utility of this MSCs engineering 

approach for bone augmentation strategies.  

Keywords: histone deacetylase; HDAC inhibitor; epigenetics; MI192; bone tissue engineering;  

human dental pulp stromal cells 

 

1. Introduction 

An increasing number of people suffer from bone damage or loss caused by trau-

matic injury, tumour resection or common age-associated diseases such as osteoporosis 

[1], and this is expected to rise in the future, due to increasing life expectancy. Although 

bone has the intrinsic ability for self-repair and regeneration, bone damage reaching a 

critical size potentially results in non-union or permanent defects requiring surgical inter-

vention [2,3]. The annual cost of musculoskeletal disorders to the UK Health Service is 

£4.76 billion [4]. Thus, the ability to generate new bone is still a major clinical need which 

creates an enormous social and economic burden. Current clinical therapies such as auto-

grafts are seen as the gold standard [5,6], however, these procedures are highly invasive, 

with limited tissue availability and inducing donor site morbidity [7,8]. Consequently, 

extensive research has been conducted in the tissue engineering field to meet the rising 

demand for clinically relevant bone tissue. The key to tissue engineering approaches is to 

effectively control the lineage-specific differentiation of mesenchymal stromal cells 
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(MSCs) [9,10]. Bone marrow derived MSCs have been extensively utilised for bone aug-

mentation strategies, however, there has been limited clinical success due to issue includ-

ing low procurement yield, extensive in vitro expansion required and their inherent het-

erogeneity [11,12]. Human dental pulp stromal cells (hDPSCs) have garnered increasing 

interest as an alternative MSC source for use in bone tissue engineering due to the ease of 

tissue extraction, their high proliferation rate and multipotency [13,14].  

In recent years, several cell engineering approaches have been investigated to en-

hance the efficacy of MSCs for bone augmentation strategies. Methods such as gene ther-

apy have provided much excitement within the field [15], however, due to the low process 

efficacy, cost-intensiveness and the potential risk of virally induced tumorigenicity [16], 

alternative methods of controlling MSCs osteogenesis have been explored. It has become 

increasingly apparent that epigenetics plays a significant role in regulating cell fate. Spe-

cifically, researchers have demonstrated that post-translational modifications such as the 

process of acetylation results in alterations in the chromatin structure. This ultimately af-

fects the transcriptional activity of the cell via two groups of histone-modifying proteins, 

histone acetyltransferase (HAT) and histone deacetylase (HDAC) [17]. HAT is responsible 

for the acetylation of histones, which results in the opening of the chromatin structure, 

increasing the cells’ transcriptional activity, while histone deacetylation by HDAC leads 

to transcriptional repression via condensation of the chromatin. Such modifications have 

been showed to affect MSC functions such as multipotency and differentiation potential 

[17,18].  

To date, HDAC inhibitors (HDACi) such as Romidepsin and Vorinostat (SAHA) 

have been approved by the Food and Drug Administration (FDA) for the treatment of 

cutaneous T-cell lymphoma [19]. HDACis can deregulate the epigenetic process and in-

duce hyperacetylation resulting in enhancing gene transcription, promoting MSC osteo-

genic differentiation [20–23]. Although these approaches have shown promise, the use of 

non-selective panHDACis is associated with limitations such as unwanted side effects and 

reduced differentiation efficacy by targeting a broad range of HDAC isoforms [24]. Hence, 

there is a growing precedence to move towards using a more selective approach. Studies 

have reported the role of HDAC3 in regulating osteogenic differentiation by acting as a 

co-repressor of RUNX2, a transcription factor responsible for modulating osteocalcin pro-

duction, known to be essential for bone formation [25]. MI192 is a novel benzamide de-

rivative and a selective HDAC2 and 3 inhibitor, which has demonstrated its potential use 

in the treatment of leukaemia and rheumatoid arthritis [26,27]. Moreover, we have previ-

ously demonstrated the increased efficacy of MI192 on promoting the osteogenic differ-

entiation of adipose-derived MSCs (ADSCs) when compared to the use of the panHDACi 

Trichostatin A (TSA) [28]. Therefore, in this study we investigated the effects of augment-

ing hDPSCs epigenetic functionality with the HDAC2 and 3 selective inhibitor MI192 to 

enhance its efficacy for bone tissue engineering (Figure 1). 
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Figure 1. Experimental outline investigating the effects of altering hDPSCs epigenetic functionality 

with MI192 on their osteogenic capacity. 

2. Results 

2.1. MI192 Affects hDPSCs Morphology and Viability 

The hDPSCs were treated with various concentrations of MI192 and incubated for up 

to 72 h. Following 24 h of culture, untreated hDPSCs exhibited a typical fibroblast-like 

morphology (Figure 2A). MI192 at low concentrations (1 and 5 μM) induced a slight elon-

gation in the cell morphology and at higher doses (>10 μM), there was a concentration-

dependant reduction in cell density. Treatment with MI192 at high concentrations (>10 

μM) for 48 and 72 h resulted in a time–dose-dependent decrease in cell density, with an 

increasing number of floating cells observed. AlamarBlue assay showed that MI192 

caused a time–dose-dependent reduction in hDPSCs metabolic activity when compared 

to the untreated cells (Figure 2B). Treatment with MI192 at concentrations of ≥20 μM for 

24 h, ≥5 μM for 48 h and ≥1 μM for 72 h significantly reduced hDPSCs metabolic activity 

compared to that in the untreated cells (p ≤ 0.05). 
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Figure 2. Effects of MI192 on hDPSCs morphology and viability. (A) hDPSCs morphology. Scale 

bar = 100 μm. (B) Metabolic activity of hDPSCs, quantified with the AlamarBlue assay. Data are 

expressed as mean ± SD (n = 3). * p ≤ 0.05. 

2.2. MI192 Altered hDPSCs HDAC Activity and Histone Acetylation 

Treatment with 1–50 μM MI192 for 24 and 48 h led to a significant reduction in hDP-

SCs HDAC activity (≥3.4-fold and 4.1-fold, respectively) compared to that of the untreated 

cells in a dose-dependent manner (p ≤ 0.001) (Figure 3A). Moreover, 1 week post MI192 

treatment for 24 and 48 h, the HDACi treated cells exhibited a similar significant reduction 

in HDAC activity (≥1.95-fold and 2.25-fold) compared to the untreated cells in a dose-

dependent manner (p ≤ 0.001) (Figure 3B). MI192 treatment for 24 h caused a dose-de-

pendent reduction in the histone acetylation levels, where MI192 at concentrations greater 

than 20 μM significantly decreased the acetylation levels (≥1.2-fold) compared to that in 

the untreated cells (p ≤ 0.05) (Figure 3C). However, MI192 treatment for 48 h led to a sig-

nificant and dose-dependent increase in the histone acetylation levels (≥1.4-fold) com-

pared to that in the untreated cells (≤10 μM, p ≤ 0.05) (≥20 μM, p ≤ 0.01). One week post 

MI192 treatment for 24 and 48 h, the HDACi treated cells displayed a significant dose-

dependent increase in histone acetylation levels (≥1.45-fold and 1.95-fold) when compared 

to the untreated control (p ≤ 0.01–0.001) (Figure 3D). 
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Figure 3. The influence of MI192 on hDPSCs epigenetic functionality. HDAC activity levels (A) immediately post MI192 

treatment and (B) 1 week post MI192 treatment. H3K9 histone acetylation levels (C) immediately post MI192 treatment 

and (D) 1 week post MI192 treatment. Data are expressed as mean ± SD (n = 3). * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 

2.3. MI192 Halts hDPSCs Cell Cycle Progression 

The effects of MI192 treatment (2 μM) on hDPSCs cell cycle progression was assessed 

following treatment for 24, 48 and 72 h using flow cytometry. The percentage of cells dis-

tributed within the different phases of the cell cycle is shown in Figure 4. 

 

Figure 4. Effects of MI192 treatment on hDPSCs cell cycle progression. Data are expressed as mean 

± SD (n = 3). The significance levels shown are the test group compared to the basal control for that 

time point. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
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2.3.1. G0/G1 Phase 

At 24 h, there was a non-significant reduction in the percentage of MI192 treated cells 

in the G0/G1 phase (50%) compared to the untreated group (59%) (p > 0.05). However, at 

48 h, the number of cells significantly decreased in the MI192 treatment group (52%) com-

pared to the control group (78%) (p ≤ 0.01). A similar pattern was observed at 72 h, with 

MI192 treatment (82%) significantly reducing the percentage of cells compared to the con-

trol group (52%) (p ≤ 0.05). 

2.3.2. G2/M Phase 

The proportion of cells in the G2/M phase within the MI192 treatment group (22%) 

was significantly increased compared to the control group (15%) at 24 h (p ≤ 0.05). At 48 

h, the MI192 treated cells (19%) continued to exhibit a significantly enhanced percentage 

compared to the control group (6%) (p ≤ 0.001), and at 72 h, a similar trend was observed 

where MI192 treatment (23%) substantially increased the percentage of cells in the G2/M 

phase compared to the control group (6%) (p ≤ 0.001). 

2.3.3. S Phase 

After 24 h, MI192 treatment (28%) induced a non-significant increase in the percent-

age of cells in the S phase compared to the control group (26%) (p > 0.05). At 48 h, a signif-

icant increase was observed in the MI192 group (29%) compared to the control group 

(15%) (p ≤ 0.01). At 72 h, the MI192-treated cells (23%) maintained a significant enhance-

ment compared to the untreated cells (12%) (p ≤ 0.001). 

2.4. MI192 Exhibited a Dose-Dependent Effect on hDPSCs alkaline phosphtase (ALP) Activity 

The effects of MI192 treatment on hDPSCs osteogenic differentiation was initially 

evaluated by quantifying ALP specific activity (ALPSA). Cells were treated with 1, 2, 5 

μM MI192 for 48 h before osteoinductive culture for 14 days. Pre-treatment with all MI192 

concentrations significantly enhanced ALPSA (≥1.29-fold) compared to the untreated cells 

(p ≤ 0.01) (Figure 5). Treatment with 2 and 5 μM MI192 elicited a 1.68 and 1.62-fold increase 

in ALPSA levels compared to the untreated group (p ≤ 0.01), however, no statistical dif-

ference was observed between the groups (p > 0.05). Therefore, a pre-treatment regimen 

of 2 μM MI192 for 48 h prior to osteoinductive culture was used for the rest of this study.  

 

Figure 5. Effect of MI192 pre-treatment on hDPSCs ALPSA. Cells were pre-treated with/without 

MI192 for 48 h before culture in osteogenic conditions for 14 days. Data are expressed as mean ± 

SD (n = 3). ** p ≤ 0.01. 
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2.5. MI192 Promoted the Osteogenic Gene and Protein Expression in hDPSCs 

The effects of MI192 pre-treatment on hDPSCs osteoblast-related gene and protein 

expression were examined by RT-qPCR and ICW, respectively (Figure 6). The MI192 pre-

treated groups exhibited a slight non-significant increase in ALP mRNA expression com-

pared to that in the untreated cells at day 3, 7 and 14 (p > 0.05) (Figure 6A). However, on 

day 21, ALP mRNA levels were significantly enhanced in the MI192 pre-treated cells com-

pared to that of the untreated group (p ≤ 0.01). The ALP protein expression was signifi-

cantly and consistently upregulated in the MI192 pre-treated cells on days 7, 21 and 28 

(1.35, 1.48 and 1.51-fold, respectively) compared to that in the untreated group (p ≤ 0.01, 

days 7 and 21) (p ≤ 0.001, day 28) (Figure 6B). The MI192 pre-treated cells exhibited a sig-

nificant increase in bone morphogenic protein 2 (BMP2) mRNA expression from day 3 

through day 21 (1.15, 1.28, 1.23 and 1.18-fold, respectively) (p ≤ 0.01, day 14) (p ≤ 0.001, day 

3, 7 and 21) compared to the untreated cells (Figure 6A). Similarly, the BMP2 protein ex-

pression was significantly upregulated in the MI192 pre-treated group compared to that 

in the untreated cells at days 21 and 28 (2.16 and 1.35-fold, respectively) (p ≤ 0.01) (Figure 

6B). The MI192 pre-treated group exhibited a non-significant increase in type I collagen 

(COL1A) mRNA expression levels compared to the untreated group at days 3, 7 and 21 (p 

> 0.05) (Figure 6A). However, a significant enhancement in the COL1A mRNA expression 

levels was observed in the MI192 pre-treated group at day 14 (1.14-fold) compared to that 

in the untreated cells (p ≤ 0.01). The Col1a protein expression was significantly upregu-

lated in the MI192 pre-treated cells on days 7, 14, 21 and 28 (2.24, 1.71, 3.15 and 2.17-fold, 

respectively) compared to the untreated group (p ≤ 0.01, days 7, 21 and 28) (p ≤ 0.001, day 

14) (Figure 6B). Osteocalcin (OCN) mRNA expression levels in the MI192 pre-treated cells 

were significantly enhanced by 1.95-fold on day 7 (p ≤ 0.001), 1.81-fold on day 14 (p ≤ 0.001) 

and 1.17-fold on day 21 (p ≤ 0.001) compared to the untreated group (Figure 6A). The OCN 

protein expression level was significantly elevated in the MI192 pre-treated group (2.12, 

1.15, 1.26 and 1.4-fold, respectively) compared to that in the untreated cells on days 7, 14, 

21 and 28 (p ≤ 0.01, days 7, 14 and 21) (p ≤ 0.001, day 18) (Figure 6B). 
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Figure 6. The effects of MI192 pre-treatment (2 μM MI192 for 48 h) on hDPSCs osteogenic differentiation and mineralisa-

tion. Osteoblast-related (A) gene expression, (B) protein production, (C,D) calcium deposition (scale bar = 100 μm)) (day 

28) and (E) mineral nodule formation (day 28) (scale bar = 50 μm). Data are expressed as mean ± SD (n = 3). ** p ≤ 0.01 and 

*** p ≤ 0.001. 

2.6. MI192 Enhanced hDPSCs Extracellular Matrix Mineralisation 

The effects of MI192 pre-treatment on hDPSCs extracellular matrix calcium deposi-

tion was identified via Alizarin red staining. MI192 substantially enhanced hDPSCs aliz-

arin red staining for calcium deposition compared to that in the untreated cells (Figure 

6C). Following semi-quantitative analysis, it was confirmed that the MI192 pre-treated 

group exhibited a significant increase in calcium deposition (4.75-fold) compared to that 

in the untreated cells (Figure 6D) (p ≤ 0.001). Von Kossa analysis was performed to assess 

the formation of mineral nodules in the extracellular matrix. A substantial increase in min-

eral nodules (black staining) was observed within the MI192 pre-treated cells compared 

to that in the control group (Figure 6E). Additionally, enhanced Van Gieson’s staining for 

collagen deposition (pink staining) was observed in the MI192 pre-treated group, partic-

ularly situated in close proximity to Von Kossa positive mineral nodules. 
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3. Discussion 

Epigenetic approaches for tissue engineering have gained increasing attention due to 

their ability to modulate cellular functions without altering the DNA sequence. An in-

creasing number of reports have demonstrated the feasibility of using HDACis to enhance 

the osteogenic potential of MSCs [29,30]. However, the majority of these studies have uti-

lised non-selective panHDACis, which are associated with reduced efficacy and potential 

side effects [24]. The HDAC3 isoform has been shown to be linked to osteogenic differen-

tiation due to its repression of the osteogenic transcription factor RUNX2 [31]. MI192 en-

hanced selectivity for HDAC2 and 3 isoforms has increased its efficacy for different clini-

cal applications [26,27], hence, the use of this selective approach may promote the clinical 

utility of MSC-based therapies for bone tissue engineering applications. 

HDPSCs have garnered growing interest for use in bone tissue engineering, due to 

their ease of procurement, increased proliferation rate and osteogenic capacity [13,32]. 

Therefore, the combination of this stem cell source with HDACi treatment could further 

accelerate the fracture healing process which would have a tremendous impact in the clin-

ical practice. Several studies have reported the ability of HDACis to initiate cell death, 

which is key to their utility in cancer therapeutics [30,33]. To enhance the safety and effi-

cacy of HDACi-based therapeutics, a clearer understanding of the effects of these epige-

netic regulators on normal cells [34], in particular on MSCs, is essential for clinical trans-

lation. The findings of this study showed that MI192 treatment caused a time–dose-de-

pendent reduction in the viability of hDPSCs. Boissinot et al. (2012) showed a similar pat-

tern with MI192 inducing a time–dose-dependent reduction in the viability of leukemic 

cell lines (HL60, Kasumi-1 and U937) [26]. These findings suggest that MI192 impact on 

cell viability is not only limited to cancer cell lines but also stem cells, an important con-

sideration for the use in MSCs-based tissue engineering. 

Several studies suggest that HDACis can arrest cells in various stages of the cell cycle 

[35,36]. Additionally, it has been reported that the HDAC2 and 3 isoforms are involved in 

regulating cell cycle progression [37,38]. In the present study, treatment with 2 M MI192 

caused a time-dependent reduction in the accumulation of cells in the G0/G1 phase but 

increased the percentage of cells in the S and G2/M phase. Jiang et al. (2014) described 

similar results, where adult neural stem cells with reduced expression of HDAC3 were 

unable to pass the G2/M phase, indicating the role of HDAC3 in controlling the cell cycle 

progression through this phase [38]. Treatment with 2 M MI192 was shown to exhibit 

limited toxicity from the viability assessment, thus it is probable that the effects on cell 

cycle progression is associated with halting cellular proliferation, therefore priming cells 

for differentiation, and leading to cell synchronization rather than initiating cell death. 

Since MSCs are highly receptive to epigenetic changes [39], the use of HDACis may 

provide a valuable approach to enhance the efficacy of MSCs-based therapies for bone 

tissue engineering applications. Therefore, it is important to elucidate the mechanism in 

which MI192 regulates hDPSCs epigenetic functionality. In this study, MI192 treatment 

significantly reduced the HDAC activity in a time–dose-dependent manner compared to 

untreated cells. This correlated with the effects of MI192 on HeLa and PC3 cells [26,40], 

where treatment with 10 μM MI192 for 24 h reduced HDAC activity by 49% compared to 

the untreated group. Our results showed a reduction of 83% in HDAC activity after 24 h 

treatment with 10 μM MI192, indicating MSCs may be more sensitive to MI192 compared 

to the transformed cells. Following 1-week post 24 and 48 h of MI192 treatment, the 

HDACi treated cells continued to exhibit a significant reduction in the HDAC activity 

when compared to the untreated cells (~49% reduction). The prolonged inhibitory effect 

of this compound is likely due to the slow binding kinetics of MI192, correlating with the 

observations reported by Boissinot et al. [26]. More importantly, our data showed that the 

HDAC inhibition induced by MI192 after 48 h resulted in a positive enhancement on his-

tone H3K9 acetylation. The increased H3K9 acetylation represents a transcriptionally per-

missive chromatin structure which has been reported to enhance gene expression [41,42], 

therefore, the introduction of osteogenic growth factors to cells with a transcriptionally 
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active/open chromatin structure will likely enhance growth factor induced differentiation 

efficacy within hDPSCs. Moreover, it has been reported that hyperacetylation promotes 

the transcriptional activity of Runx2. Jeon et al. (2006) showed that Runx2 hyperacetyla-

tion enhanced the activity and stability of this transcription factor via protection from 

smurf-1 mediate degradation [43]. Hence, it is likely the MI192 induced hyperacetylation 

within hDPSCs enhanced the transcriptional activity of Run2, however, this would re-

quire further investigation. Importantly, it was also confirmed that the prolonged HDAC 

inhibition observed after 1 week of culture resulted in increased histone acetylation levels 

within the MI192 pre-treated cells. This indicates the slow on/off binding kinetics of MI192 

[26], potentiating the effects of the altered epigenome on hDPSCs osteogenic differentia-

tion. Taken together, these results confirm that MI192 is an effective epigenetic regulator 

within hDPSCs, and the augmented epigenome induced by HDACi treatment potentially 

indicates the increased differentiation capacity of these cells. 

HDACis have been shown to alter the expression of osteoblast-related markers in 

MSCs by regulating their epigenetic functionality [20,30,44]. In this study, the effects of 

MI192 pre-treatment on the expression of osteoblast-related genes and proteins were in-

vestigated. Our finding showed that MI192 significantly upregulated hDPSCs BMP2 ex-

pression levels throughout osteogenic culture. Phimphilai et al. (2006) proposed that BMP 

signalling is an essential component to RUNX2-dependent osteogenesis [45], and Hu et 

al. (2013) confirmed this in ADSCs with the addition of BMP antagonist, Noggin, resulting 

in a decrease in the RUNX2 mRNA expression level [46]. Therefore, the upregulation in 

BMP2 expression levels, induced by MI192 treatment, indicates the HDACis role in stim-

ulating hDPSCs early phase osteogenic differentiation. Studies have also reported that 

BMP2 levels increases steadily throughout hDPSC osteogenesis [30,47], correlating with 

the mRNA expression profiles in this study. MI192 pre-treatment also upregulated the 

gene and protein expression of ALP, which was confirmed by the corresponding func-

tional ALPSA assay. The mRNA and protein expression levels of COL1A, known to be a 

key component of the bone extracellular matrix [48], was significantly upregulated in the 

MI192 pre-treated hDPSCs throughout osteogenic culture, indicating the role of MI192 in 

accelerating the maturation of the extracellular matrix. Additionally, MI192 promoted the 

OCN levels when compared to untreated cells, indicating that MI192 pre-treatment is ca-

pable of promoting hDPSC osteogenic maturation. Piano et al. (2014) reported that 

valproic acid (VPA) pre-treated hDPSCs exhibited significantly reduced OCN mRNA and 

protein expression, indicating that VPA inhibited osteogenic maturation. Additionally, 

this group demonstrated that silencing HDAC2 inhibited the expression of OCN in Saos-

2M osteosarcoma cell line, suggesting the importance of HDAC2 in regulating the OCN 

expression [30,49]. In the present study, we did not observe this downregulation in the 

OCN expression following MI192 pre-treatment, likely due to the selective inhibition of 

MI192 on HDAC3, which VPA does not possess. Schroeder et al. (2004) reported the im-

portance of the RUNX2-HDAC3 complex in regulating the mRNA and protein expression 

of OCN [25]. Due to MI192 selective inhibition of HDAC3, this probably alleviates HDAC3 

repression of RUNX2, leading to increased activity and stability of this transcription factor 

[42], although this would require further investigation. Taken together, these results show 

that hyperacetylation induced by MI192 pre-treatment increase the expression of hDPSCs 

osteoblast-related markers, consistent with several studies in the literature [50–52]. Alt-

hough enhanced expression levels of osteoblast-related genes and proteins was observed 

in the MI192 pre-treated hDPSCs, it is likely HDACi-induced epigenetic modification al-

tered the processing of transcribed mRNA into function proteins through altered RNA 

splicing/microRNA expression [53,54], which would also be of interest to be elucidated in 

future studies. Additionally, it is important to note that the elevated osteogenic capacity 

induced by MI192 pre-treatment is likely due to a combination of enhanced accessibility 

to genes of interest via increased chromatin transcriptional activity and transcription fac-

tor activation via hyperacetylation and HDAC isoform inhibition. 



Int. J. Mol. Sci. 2021, 22, 5224 11 of 17 
 

 

The effects of MI192 pre-treatment on calcium deposition and mineralisation were 

assessed with Alizarin red and Von Kossa staining, respectively [55]. MI192 substantially 

enhanced extracellular matrix collagen deposition and mineralisation compared to the 

untreated hDPSCs, correlating with the increased mineralisation observed in MI192 pre-

treated ADSCs [28]. These findings clearly indicate that MI192 effects in stimulating  

hDPSCs efficacy for bone formation is not limited to enhancing osteogenic differentiation 

but also the mineralisation of its extracellular matrix, consistent with observations in the 

literature [32,56]. Moreover, the enhanced collagen production and calcium deposition 

observed in this study indicate the efficacy of MI192 pre-treatment in promoting hDPSCs 

mineralisation, likely due to the slow-binding kinetics of this HDACi [26]. The effective-

ness of this pre-treatment strategies enhances the utility of MI192 in cell-based therapies 

for bone augmentation strategies. 

In the present study, we examined the influence of altering hDPSCs epigenetic func-

tionality with the HDAC2 and 3 selective inhibitor, MI192, in promoting their efficacy for 

bone augmentation strategies. We have shown that MI192 is an effective epigenetic regu-

lator within hDPSCs, augmenting key cellular processes including metabolic activity and 

cell cycle progression through HDACi induced hyperacetylation. Importantly, we have 

demonstrated that utilising a pre-treatment regimen, MI192 accelerated the osteogenic 

differentiation and mineralisation rate of hDPSCs, enhancing its bone formation capacity. 

Future studies would be required to further examine the influence of MI192 treatment on 

stimulating bone regeneration in vivo. 

4. Materials and Methods 

4.1. Cell Culture 

HDPSCs were isolated from sound third molars obtained with patients’ consent 

through the Leeds Dental Institute Research Tissue Bank (REC 07/H1306/93), with ethical 

approval (180,615/km/173) [13]. HDPSCs were isolated using the collagenase digestion 

method previously described by Tomlinson et al. (2015) [57]. Cells were subsequently cul-

tured in a basal medium consisting of alpha modified minimum essential medium (α-

MEM, Lonza, Manchester, UK) supplemented with 10% fetal calf serum (FCS, Lonza, 

Manchester, UK), 2 mM L-glutamine and a mix of 100 units/mL penicillin with 100 μg/mL 

streptomycin at 37 °C in 5% CO2. Cells were passaged when reaching approximately 80% 

confluence, and hDPSCs of up to passage 4 were used for all experiments. 

4.2. Cell Viability Assay and Morphological Assessment 

For cell viability assays, hDPSCs were plated at 1 × 104 cells per well within a 96-well 

plate in basal medium and incubated for 24 h. Media was then replaced with fresh basal 

media supplemented with MI192 at a range of concentrations (1, 5, 10, 20, 50 μM) and 

incubated for 24, 48 and 72 h. Basal medium alone was used as the control. Then, 20 μL of 

AlamarBlue reagent (Thermo Scientific, Paisley, UK) was added to each well and incu-

bated for 4 h at 37 °C. Fluorescence readings were acquired using a Varioskan Flash Mul-

timode Microplate Reader (Thermo Scientific, Paisley UK) at an excitation wavelength of 

540 nm and emission wavelength at 590 nm. For cell morphological assessment, hDPSCs 

were seeded at 1 × 105 cells per well in a 24-well plate and incubated for 24 h, after which 

the same treatment regime was utilised where the cell morphology was visualised by in-

verted microscopy (ZEISS, AX-100). 

4.3. DNA Quantification 

DNA content was determined by Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, 

Life Technologies, Paisley, UK) according to the manufacturer’s instructions. Briefly, cells 

were washed twice with phosphate-buffered saline (PBS, Lonza, Manchester, UK) and 

lysed following three freeze–thaw cycles in 0.1% Triton X-100 (Sigma-Aldrich, Gilling-

ham, UK) in PBS. Then, 10 μL of cell lysate was added to 90 μL of TE buffer (10 mM Tris-
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HCl, 1 mM EDTA) into a 96-well plate (Corning, Deeside, UK). Next, 100 μL of PicoGreen 

reagent was added to all samples and then incubated in the dark for 5 min. The fluores-

cence was measured in a Varioskan Flash Multimode Microplate Reader at 480 nm exci-

tation and 520 nm emission. 

4.4. HDAC Activity 

Cells were cultured in two 96-well plates (1 × 104 cells per well) in basal medium 

containing MI192 at a range of concentrations (1, 5, 10, 20, 50 μM). Basal medium alone 

was used as the control. At 24 and 48 h, the HDAC activity in the cells was measured 

either measured immediately post treatment or following 1 week in basal culture using 

an InSitu HDAC Activity Fluorometric Assay Kit (Cambridge BioSciences, Cambridge , 

UK) according to the manufacturer’s instructions. Briefly, incubation media was replaced 

with 100 μL of reaction mix containing HDAC substrate and incubated for 3 h at 37 °C. 

Following which, 100 μL of lysine developer was added to the plate and incubated for a 

further 30 min at 37 °C. The fluorescence was measured in a Varioskan Flash Multimode 

Microplate Reader at an excitation wavelength of 368 nm and emission wavelength at 442 

nm. HDAC activity was normalised with DNA content.  

4.5. Histone Acetylation 

Detection of H3K9 histone acetylation was assessed using the EpiQuik In Situ His-

tone H3-K9 Acetylation Assay Kit (Epigentek, Farmingdale, NY, USA). Cells were cul-

tured in basal medium containing different concentration of MI192 (1, 5, 10, 20, 50 μM) in 

a 96-well plate. Basal medium alone was used as the control. After treatment for 24 and 

48 h, histone acetylation was performed either immediately post treatment or following 1 

week in basal culture according to the manufacturer’s instructions. The absorbance was 

read on a Varioskan Flash Multimode Microplate Reader at 450 nm within 10 min. Acet-

ylation was normalised to DNA content.  

4.6. Cell Cycle Analysis 

Cells were plated in 6-well plates at 1 × 105 cells per well and cultured in basal me-

dium for 48 h. The medium in the test group was replaced with basal medium containing 

2 μM MI192 and basal medium alone was used as the control. At 24, 48 and 72 h, cells 

were trypsinised, re-suspended with 500 μL of ice-cold 70% (v/v) ethanol/PBS and stored 

in −80 °C for assessment. For staining, the cell suspension was centrifuged at 800 rpm for 

5 min, and the pellet was washed with 500 μL 4 °C FACS buffer: PBS with the addition of 

0.1% (w/v) bovine serum albumin (Sigma-Aldrich, Gillingham, UK) and 0.1% TWEEN-20 

(Sigma-Aldrich, Gillingham, UK). The cell pellet was re-suspended with 500 μL of freshly 

made staining solution (20 μg/mL propidium iodide (Sigma-Aldrich, Gillingham, UK) 

and 200 μg Ribonuclease A (Sigma-Aldrich, Gillingham, UK)) and incubated for 20 min 

at room temperature. Cells were then placed on ice for assessment with Attune NxT Flow 

Cytometer (Life Technologies, Paisley, UK). Subsequent cell cycle analysis was under-

taken using ModFit LT software (LT v3, Verity). 

4.7. MI192 Pre-Treatment and Osteogenic Induction  

HDPSCs were cultured in 24-well plates (4 × 104 cells per well) in basal medium for 

24 h. The media was replaced with basal medium containing 2 μM MI192 for 48 h. Basal 

medium alone was used as the control. Following the pre-treatment period, cells were 

washed with basal medium and incubated in osteogenic medium, which consisted of ba-

sal medium supplemented with 50 μM L-ascorbic acid 2-phosphate sesquimagnesium salt 

hydrate (Sigma-Aldrich, Gillingham, UK), 10 mM β-glycerol phosphate (Sigma-Aldrich, 

Gillingham, UK) and 100 nM dexamethasone (Sigma-Aldrich, Gillingham, UK). The me-

dium was changed every 3 days. 
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4.8. Alkaline Phosphatase Specific Activity (ALPSA) Assay 

ALPSA was determined using the 4-nitrophenyl colourimetric phosphate liquid sys-

tem assay (pNPP, Sigma-Aldrich, Gillingham, UK). Briefly, following pre-treatment 

with/without 1, 2 and 5 μM MI192, hDPSCs were cultured in osteogenic medium for two 

weeks, and lysed with 0.1% Triton X-100 in PBS. Then, 90 μL of pNPP was added to 10 μL 

of cell lysate in a 96-well plate (Corning, Deeside, UK) for 30 min at 37 °C in the dark. 

Next, 100 μL of 1 M NaOH was added to each well to stop the reaction, and the absorbance 

was read at 405 nm on a Varioskan Flash Multimode Microplate Reader (Thermo Scien-

tific, Paisley, UK). Alkaline phosphatase activity was normalised to total DNA content.  

4.9. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-qPCR) 

Cells were pre-treated with/without 2 μM MI192 for 48 h followed by incubation in 

osteogenic medium for up to 28 days. At different time points (days 0, 3, 5, 7, 14, 21 and 

28), cells were collected for RT-qPCR assay. The primers used in this study are listed in 

Table 1. The expression of osteoblast-related genes was assessed using RT-qPCR. RNA 

was extracted using the RNase mini kit (Qiagen, Manchester, UK) according to the man-

ufacturer’s protocol. Then, 200 ng of RNA was transcribed to cDNA using the high capac-

ity RNA to cDNA Kit (Applied Biosystems, Warrington, UK) following the supplier’s in-

structions. Following which, cDNA was amplified using TaqMan primers (Table 1) in a 

20 μL reaction with a 96-well PCR plate (Starlab, Milton Keynes, UK). Amplification oc-

curred within a LightCycler 480 real-time qPCR system (Roche, Welwyn Garden City, 

UK). For each sample, the cycle threshold (Ct) value was acquired, and the comparative 

Ct method (2−∆∆Ct) was utilised to quantify the gene expression levels relative to the house-

keeping gene. 

Table 1. Primers used for TaqMan gene expression assays. 

Gene Symbol Description 
TaqMan Assay  

Identification 

GAPDH 
Glyceraldehyde-3-phosphate dehydro-

genase 
Hs99999905_m1 

BMP2 Bone morphogenetic protein 2 Hs00154192_m1 

ALPL Alkaline phosphatase Hs01029144_m1 

COL1A1 Collagen, type I Hs00164004_m1 

OCN/BGLAP 
Osteocalcin/PMF-bone gamma-carbox-

yglutamate (gla) protein 
Hs00609452_g1 

4.10. In-Cell Western (ICW) Assay 

The expression of osteoblast-related proteins was assessed using the ICW assay ac-

cording to the manufacturer’s instructions. Briefly, cells were fixed in 10% neutral buff-

ered formalin (NBF, Cellpath, Newtown, UK) for 20 minutes prior to be permeabilised 

with 0.1% Triton X-100 in PBS for 30 min and then blocked with LICOR Odyssey blocking 

buffer (Li-Cor Biosciences, Cambridge, UK) for 1.5 h at room temperature. The samples 

were incubated overnight at 4 °C with primary antibodies to ALP (1:300), COL1A (1:200), 

OCN (1:400) (Abcam, Cambridge, UK) and BMP2 (1:500) (Invitrogen, Life Technologies, 

Paisley, UK) in Odyssey buffer. Samples were washed in PBS containing 0.1% Tween 20 

for five times and then incubated with the IRDye 800CW secondary antibody (1:800) and 

the CellTag 700 stain (1:500; Li-Cor Biosciences, Cambridge, UK) in the Odyssey blocking 

buffer for 1 h at room temperature [58]. The plates were read under the Odyssey SA Im-

aging System (Li-Cor Biosciences, Cambridge, UK) at both 700 and 800 nm. Relative fluo-

rescent intensity (IRDye 800CW) was normalised with cell number (CellTag 700 stain). 

The data were quantified using the Image Studio analysis software (Li-Cor Biosciences: 

v5) [59]. 
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4.11. Alizarin Red Staining and Quantification 

Calcium-rich deposits were visualised using the Alizarin Red solution (Millipore, 

Watford, UK) for 15 min at room temperature, and observed under a Leica DMI6000 B 

inverted microscope. The resulting staining was dissolved in 10% cetylpyridinium chlo-

ride (Sigma-Aldrich, Gillingham, UK) for 1 h. Following this, the absorbance was read at 

550 nm using the Varioskan Flash Multimode Microplate Reader. 

4.12. Von Kossa Staining 

Mineral nodules were identified using the Von Kossa Stain Kit (Atom Scientific, 

Cheshire, UK) according to the manufacturer’s instructions. Briefly, samples were incu-

bated with 10% aqueous silver nitrate solution at room temperature in a UV lightbox for 

10 min. This was followed by incubation with 5% sodium thiosulfate for 5 min and then 

incubated with Van Gieson’s solution for 5 min. The resultant staining was observed un-

der a Leica DMI6000 B inverted microscope. 

4.13. Data Analysis 

For all data presented, experiments were repeated at least three times. All statistical 

analysis was undertaken with IBM SPSS software (IBM Analytics, version 21), using 

ANOVA and post-hoc Tukey’s test for comparisons of multiple groups. p-value equal to 

or lower than 0.05 was considered to be significant. For all graphs: * p ≤ 0.05, ** p ≤ 0.01 

and *** p ≤ 0.001. 

5. Conclusions 

In conclusion, the findings of this study demonstrate that the selective HDAC2 and 

3 inhibitor MI192 is capable of modifying the epigenome of hDPSCs, resulting in promot-

ing its efficacy for bone formation. To the authors knowledge, this is the first study to 

promote the osteogenic capacity of hDPSCs via the use of a selectivity HDACi. Taken 

together, these findings demonstrated the considerable potential of using epige-netic reg-

ulation to enhance the efficacy of MSCs-based therapy for bone regeneration 

Author Contributions: Study design: K.M. and X.B.Y. Study conduct: K.M. Data analysis: K.M., 

X.B.Y. Data interpretation: K.M, L.L., L.-H.J., and X.B.Y. Drafting of the manuscript: K.M. Revising 

manuscript content: K.M., L.L, L.-H.J., and X.B.Y. All authors have read and agreed to the published 

version of the manuscript. 

Funding: This research was funded by the European Union Seventh Framework Programme 

((FP7/2007–2013) (FP7/2007–2011)) for ‘SkelGEN’ consortium under grant agreement no (318553) 

and the ‘EPSRC Centre for Doctoral Training in Tissue Engineering and Regenerative Medicine’-

Innovation in Medical and Biological Engineering, multidisciplinary collaboration of Faculties at 

the University of Leeds, Grant number EP/L014823/1. L.L and XB.Y. was partially supported by the 

British Council (UKIERI-TRP-2012/13-030 (IND/CONT/E/12-13/695). 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki, and approved by the Dental Research Ethics Committee (DREC) of the Uni-

versity of Leeds (Dental Research Tissue Bank, DREC 07/H1306/93)(with ethical approval for pro-

tocol version 1 on 03/07/2015, 180615/km/173). 

Informed Consent Statement: HDPSCs were isolated from sound third molars obtained with pa-

tients’ informed consent through the Dental Research Tissue Bank (REC 07/H1306/93), University 

of Leeds. 

Conflicts of Interest: The authors declare no competing interests. 

 

 



Int. J. Mol. Sci. 2021, 22, 5224 15 of 17 
 

 

References 

1. Dimitriou, R.; Jones, E.; McGonagle, D.; Giannoudis, P.V. Bone regeneration: Current concepts and future directions. BMC Med. 

2011, 9, 66, doi:Artn 6610.1186/1741-7015-9-66. 

2. McKee, M.D. Management of segmental bony defects: The role of osteoconductive orthobiologics. J. Am. Acad. Orthop. Surg. 

2006, 14, S163–S167. 

3. Han, D.; Li, J. Repair of bone defect by using vascular bundle implantation combined with Runx II gene-transfected adipose-

derived stem cells and a biodegradable matrix. Cell Tissue Res. 2013, 352, 561–571, doi:10.1007/s00441-013-1595-9. 

4. Chance-Larsen, K.; Backhouse, M.R.; Collier, R.; Wright, C.; Gosling, S.; Harden, B.; Marsh, S.; Kay, P.; Wyles, H.; Erwin, J.; et 

al. Developing a national musculoskeletal core capabilities framework for first point of contact practitioners. Rheumatol. Adv. 

Pract. 2019, 3, rkz036, doi:10.1093/rap/rkz036. 

5. Mathoulin, C.; Gras, M.; Roukos, S. Vascularized bone grafting from the volar distal radius for carpal bones reconstruction. 

Chir. Main 2010, 29, S65-S76, doi:10.1016/j.main.2010.09.010. 

6. Solheim, E.; Pinholt, E.M.; Talsnes, O.; Larsen, T.B.; Kirkeby, O.J. Revascularisation of fresh compared with demineralised bone 

grafts in rats. Scand. J. Plast. Reconstr. Surg. Hand. Surg. 2001, 35, 113–116. 

7. Calori, G.M.; Mazza, E.; Colombo, M.; Ripamonti, C. The use of bone-graft substitutes in large bone defects: Any specific needs? 

Injury 2011, 42, S56-S63, doi:10.1016/j.injury.2011.06.011. 

8. Djouad, F.; Guerit, D.; Marie, M.; Toupet, K.; Jorgensen, C.; Noel, D. Mesenchymal stem cells: New insights into bone regener-

ative applications. J. Biomater. Tissue Eng. 2012, 2, 14–28, doi:10.1166/jbt.2012.1022. 

9. Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges. Crit. Rev. Biomed. Eng. 

2012, 40, 363–408. 

10. Lu, W.; Ji, K.; Kirkham, J.; Yan, Y.; Boccaccini, A.R.; Kellett, M.; Jin, Y.; Yang, X.B. Bone tissue engineering by using a combination 

of polymer/Bioglass composites with human adipose-derived stem cells. Cell Tissue Res. 2014, 356, 97–107, doi:10.1007/s00441-

013-1770-z. 

11. Asatrian, G.; Pham, D.; Hardy, W.R.; James, A.W.; Peault, B. Stem cell technology for bone regeneration: Current status and 

potential applications. Stem Cells Cloning Adv. Appl. 2015, 8, 39–48, doi:10.2147/SCCAA.S48423. 

12. Liao, H.T.; Chen, C.T. Osteogenic potential: Comparison between bone marrow and adipose-derived mesenchymal stem cells. 

World J. Stem cells 2014, 6, 288–295, doi:10.4252/wjsc.v6.i3.288. 

13. El-Gendy, R.; Yang, X.B.; Newby, P.J.; Boccaccini, A.R.; Kirkham, J. Osteogenic differentiation of human dental pulp stromal 

cells on 45s5 bioglass (R) based scaffolds in vitro and in vivo. Tissue Eng. Part A 2013, 19, 707–715, doi:10.1089/ten.tea.2012.0112. 

14. Laino, G.; d’Aquino, R.; Graziano, A.; Lanza, V.; Carinci, F.; Naro, F.; Pirozzi, G.; Papaccio, G. A new population of human adult 

dental pulp stem cells: A useful source of living autologous fibrous bone tissue (LAB). J. Bone Miner. Res. 2005, 20, 1394–1402, 

doi:10.1359/JBMR.050325. 

15. Ko, J.Y.; Park, S.; Im, G.I. Osteogenesis from human induced pluripotent stem cells: An in vitro and in vivo comparison with 

mesenchymal stem cells. Stem Cells Dev. 2014, 23, 1788–1797, doi:DOI 10.1089/scd.2014.0043. 

16. Moschidou, D.; Mukherjee, S.; Blundell, M.P.; Drews, K.; Jones, G.N.; Abdulrazzak, H.; Nowakowska, B.; Phoolchund, A.; Lay, 

K.; Ramasamy, T.S.; et al. Valproic acid confers functional pluripotency to human amniotic fluid stem cells in a transgene-free 

approach. Mol. Ther. 2012, 20, 1953–1967, doi:Doi 10.1038/Mt.2012.117. 

17. Tollervey, J.R.; Lunyak, V.V. Epigenetics Judge, jury and executioner of stem cell fate. Epigenetics-Us 2012, 7, 823–840, 

doi:10.4161/epi.21141. 

18. Lawlor, L.; Yang, X.B. Harnessing the HDAC-histone deacetylase enzymes, inhibitors and how these can be utilised in tissue 

engineering. Int. J. Oral Sci. 2019, 11, 20, doi:10.1038/s41368-019-0053-2. 

19. Bruyer, A.; Maes, K.; Herviou, L.; Kassambara, A.; Seckinger, A.; Cartron, G.; Reme, T.; Robert, N.; Requirand, G.; Boireau, S.; 

et al. DNMTi/HDACi combined epigenetic targeted treatment induces reprogramming of myeloma cells in the direction of 

normal plasma cells. Br. J. Cancer 2018, 118, 1062–1073, doi:10.1038/s41416-018-0025-x. 

20. Cho, H.H.; Park, H.T.; Kim, Y.J.; Bae, Y.C.; Suh, K.T.; Jung, J.S. Induction of osteogenic differentiation of human mesenchymal 

stem cells by histone deacetylase inhibitors. J. Cell. Biochem. 2005, 96, 533–542, doi:10.1002/jcb.20544. 

21. Xu, Y.; Hammerick, K.E.; James, A.W.; Carre, A.L.; Leucht, P.; Giaccia, A.J.; Longaker, M.T. Inhibition of histone deacetylase 

activity in reduced oxygen environment enhances the osteogenesis of mouse adipose-derived stromal cells. Tissue Eng. Part A 

2009, 15, 3697–3707, doi:10.1089/ten.tea.2009.0213. 

22. Xu, S.; De Veirman, K.; Evans, H.; Santini, G.C.; Vande Broek, I.; Leleu, X.; De Becker, A.; Van Camp, B.; Croucher, P.; Vander-

kerken, K.; et al. Effect of the HDAC inhibitor vorinostat on the osteogenic differentiation of mesenchymal stem cells in vitro 

and bone formation in vivo. Acta Pharmacol. Sin. 2013, 34, 699–709, doi:10.1038/aps.2012.182. 

23. Cakouros, D.; Gronthos, S. Epigenetic regulation of bone marrow stem cell aging: Revealing epigenetic signatures associated 

with hematopoietic and mesenchymal stem cell aging. Aging Dis. 2019, 10, 174–189, doi:10.14336/AD.2017.1213. 

24. Yang, S.S.; Zhang, R.; Wang, G.; Zhang, Y.F. The development prospection of HDAC inhibitors as a potential therapeutic direc-

tion in Alzheimer’s disease. Transl. Neurodegener. 2017, 6, doi:ARTN 1910.1186/s40035-017-0089-1. 

25. Schroeder, T.M.; Kahler, R.A.; Li, X.D.; Westendorf, J.J. Histone deacetylase 3 interacts with RUNX2 to repress the osteocalcin 

promoter and regulate osteoblast differentiation. J. Biol. Chem. 2004, 279, 41998–42007, doi:DOI 10.1074/jbc.M403702200. 



Int. J. Mol. Sci. 2021, 22, 5224 16 of 17 
 

 

26. Boissinot, M.; Inman, M.; Hempshall, A.; James, S.R.; Gill, J.H.; Selby, P.; Bowen, D.T.; Grigg, R.; Cockerill, P.N. Induction of 

differentiation and apoptosis in leukaemic cell lines by the novel benzamide family histone deacetylase 2 and 3 inhibitor MI-

192. Leuk. Res. 2012, 36, 1304–1310, doi:10.1016/j.leukres.2012.07.002. 

27. Gillespie, J.; Savic, S.; Wong, C.; Hempshall, A.; Inman, M.; Emery, P.; Grigg, R.; McDermott, M.F. Histone deacetylases are 

dysregulated in rheumatoid arthritis and a novel histone deacetylase 3-selective inhibitor reduces interleukin-6 production by 

peripheral blood mononuclear cells from rheumatoid arthritis patients. Arthritis Rheum-Us 2012, 64, 418–422, doi:Doi 

10.1002/Art.33382. 

28. Lawlor, L. The Effect of HDAC Inhibitor MI192 on Stem Cell Behaviour-The Potential of Utilising MI192 for Bone Tissue Engi-

neering. Ph.D. Thesis, University of Leeds, Leeds, UK, 2016. 

29. de Boer, J.; Licht, R.; Bongers, M.; van der Klundert, T.; Arends, R.; van Blitterswijk, C. Inhibition of histone acetylation as a tool 

in bone tissue engineering. Tissue Eng. 2006, 12, 2927–2937, doi:10.1089/ten.2006.12.2927. 

30. Paino, F.; La Noce, M.; Tirino, V.; Naddeo, P.; Desiderio, V.; Pirozzi, G.; De Rosa, A.; Laino, L.; Altucci, L.; Papaccio, G. Histone 

deacetylase inhibition with valproic acid downregulates osteocalcin gene expression in human dental pulp stem cells and oste-

oblasts: Evidence for hdac2 involvement. Stem Cells 2014, 32, 279–289, doi:10.1002/stem.1544. 

31. Jonason, J.H.; Xiao, G.; Zhang, M.; Xing, L.; Chen, D. Post-translational regulation of runx2 in bone and cartilage. J. Dent. Res. 

2009, 88, 693–703, doi:10.1177/0022034509341629. 

32. Lee, E.C.; Kim, Y.M.; Lim, H.M.; Ki, G.E.; Seo, Y.K. The Histone Deacetylase Inhibitor (MS-275) Promotes Differentiation of 

Human Dental Pulp Stem Cells into Odontoblast-Like Cells Independent of the MAPK Signaling System. Int. J. Mol. Sci. 2020, 

21, 5771, doi:10.3390/ijms21165771. 

33. Wang, J.; Kim, T.H.; Ahn, M.Y.; Lee, J.; Jung, J.H.; Choi, W.S.; Lee, B.M.; Yoon, K.S.; Yoon, S.; Kim, H.S. Sirtinol, a class III HDAC 

inhibitor, induces apoptotic and autophagic cell death in MCF-7 human breast cancer cells. Int. J. Oncol. 2012, 41, 1101–1109, 

doi:10.3892/ijo.2012.1534. 

34. Di Bernardo, G.; Squillaro, T.; Dell’Aversana, C.; Miceli, M.; Cipollaro, M.; Cascino, A.; Altucci, L.; Galderisi, U. Histone deacety-

lase inhibitors promote apoptosis and senescence in human mesenchymal stem cells. Stem Cells Dev. 2009, 18, 573–581, doi:DOI 

10.1089/scd.2008.0172. 

35. Yoshida, M.; Matsuyama, A.; Komatsu, Y.; Nishino, N. From discovery to the coming generation of histone deacetylase inhibi-

tors. Curr. Med. Chem. 2003, 10, 2351–2358, doi:Doi 10.2174/0929867033456602. 

36. Zhu, J.X.; Gu, J.H.; Ma, J.; Xu, Z.X.; Tao, H.R. Histone deacetylase inhibitors repress chondrosarcoma cell proliferation. J. BUON 

2015, 20, 269–274. 

37. Yamaguchi, T.; Cubizolles, F.; Zhang, Y.; Reichert, N.; Kohler, H.; Seiser, C.; Matthias, P. Histone deacetylases 1 and 2 act in 

concert to promote the G1-to-S progression. Gene Dev. 2010, 24, 455–469, doi:10.1101/gad.552310. 

38. Jiang, Y.D.; Hsieh, J. HDAC3 controls gap 2/mitosis progression in adult neural stem/progenitor cells by regulating CDK1 levels. 

Proc. Natl. Acad. Sci. USA 2014, 111, 13541–13546, doi:10.1073/pnas.1411939111. 

39. Shafa, M.; Krawetz, R.; Rancourt, D.E. Returning to the stem state: Epigenetics of recapitulating pre-differentiation chromatin 

structure. Bioessays 2010, 32, 791–799, doi:10.1002/bies.201000033. 

40. Bacon, T.; Seiler, C.; Wolny, M.; Hughes, R.; Watson, P.; Schwabe, J.; Grigg, R.; Peckham, M. Histone deacetylase 3 indirectly 

modulates tubulin acetylation. Biochem. J. 2015, 472, 367–377, doi:10.1042/Bj20150660. 

41. Huynh, N.C.; Everts, V.; Ampornaramveth, R.S. Histone deacetylases and their roles in mineralized tissue regeneration. Bone 

Rep. 2017, 7, 33–40, doi:10.1016/j.bonr.2017.08.001. 

42. Bae, H.S.; Yoon, W.J.; Cho, Y.D.; Islam, R.; Shin, H.R.; Kim, B.S.; Lim, J.M.; Seo, M.S.; Cho, S.A.; Choi, K.Y.; et al. An HDAC 

inhibitor, entinostat/MS-275, partially prevents delayed cranial suture closure in heterozygous RUNX2 null mice. J. Bone Miner. 

Res. 2017, 32, 951–961, doi:10.1002/jbmr.3076. 

43. Jeon, E.J.; Lee, K.Y.; Choi, N.S.; Lee, M.H.; Kim, H.N.; Jin, Y.H.; Ryoo, H.M.; Choi, J.Y.; Yoshida, M.; Nishino, N.; et al. Bone 

morphogenetic protein-2 stimulates Runx2 acetylation. J. Biol. Chem. 2006, 281, 16502–16511, doi:10.1074/jbc.M512494200. 

44. Schroeder, T.M.; Nair, A.K.; Staggs, R.; Lamblin, A.F.; Westendorf, J.J. Gene profile analysis of osteoblast genes differentially 

regulated by histone deacetylase inhibitors. BMC Genom. 2007, 8, 362. 

45. Phimphilai, M.; Zhoa, Z.R.; Boules, H.; Roca, H.; Franceschi, R.T. BMP signaling is required for RUNX2-dependent induction 

of the osteoblast phenotype. J. Bone Miner. Res. 2006, 21, 637–646, doi:10.1359/Jbmr.060109. 

46. Hu, X.Q.; Zhang, X.; Dai, L.H.; Zhu, J.X.; Jia, Z.Q.; Wang, W.P.; Zhou, C.Y.; Ao, Y.F. Histone deacetylase inhibitor trichostatin a 

promotes the osteogenic differentiation of rat adipose-derived stem cells by altering the epigenetic modifications on RUNX2 

promoter in a BMP signaling-dependent manner. Stem Cells Dev. 2013, 22, 248–255, doi:10.1089/scd.2012.0105. 

47. Jin, H.; Park, J.Y.; Choi, H.; Choung, P.H. HDAC inhibitor trichostatin A promotes proliferation and odontoblast differentiation 

of human dental pulp stem cells. Tissue Eng. Part A 2013, 19, 613–624, doi:10.1089/ten.TEA.2012.0163. 

48. Schroeder, T.M.; Westendorf, J.J. Histone deacetylase inhibitors promote osteoblast maturation. J. Bone Miner. Res. 2005, 20, 

2254–2263, doi:10.1359/Jbmr.050813. 

49. Najafipour, H.; Bagheri-Hosseinabadi, Z.; Eslaminejad, T.; Mollaei, H.R. The effect of sodium valproate on differentiation of 

human adipose-derived stem cells into cardiomyocyte-like cells in two-dimensional culture and fibrin scaffold conditions. Cell 

Tissue Res. 2019, 378, 127–141, doi:10.1007/s00441-019-03027-5. 



Int. J. Mol. Sci. 2021, 22, 5224 17 of 17 
 

 

50. Zhang, P.; Liu, Y.; Jin, C.; Zhang, M.; Lv, L.; Zhang, X.; Liu, H.; Zhou, Y. Histone H3K9 Acetyltransferase PCAF Is Essential for 

Osteogenic Differentiation Through Bone Morphogenetic Protein Signaling and May Be Involved in Osteoporosis. Stem Cells 

2016, 34, 2332–2341, doi:10.1002/stem.2424. 

51. Jing, H.; Su, X.; Gao, B.; Shuai, Y.; Chen, J.; Deng, Z.; Liao, L.; Jin, Y. Epigenetic inhibition of Wnt pathway suppresses osteogenic 

differentiation of BMSCs during osteoporosis. Cell Death Dis. 2018, 9, 176, doi:10.1038/s41419-017-0231-0. 

52. Huynh, N.C.; Everts, V.; Pavasant, P.; Ampornaramveth, R.S. Inhibition of Histone Deacetylases Enhances the Osteogenic Dif-

ferentiation of Human Periodontal Ligament Cells. J. Cell. Biochem. 2016, 117, 1384–1395, doi:10.1002/jcb.25429. 

53. Hnilicova, J.; Hozeifi, S.; Duskova, E.; Icha, J.; Tomankova, T.; Stanek, D. Histone deacetylase activity modulates alternative 

splicing. PLoS ONE 2011, 6, e16727, doi:10.1371/journal.pone.0016727. 

54. Gray, S.G.; Iglesias, A.H.; Teh, B.T.; Dangond, F. Modulation of splicing events in histone deacetylase 3 by various extracellular 

and signal transduction pathways. Gene Expr. 2003, 11, 13–21, doi:10.3727/000000003783992342. 

55. Langenbach, F.; Naujoks, C.; Laser, A.; Kelz, M.; Kersten-Thiele, P.; Berr, K.; Depprich, R.; Kubler, N.; Kogler, G.; Handschel, J. 

Improvement of the cell-loading efficiency of biomaterials by inoculation with stem cell-based microspheres, in osteogenesis. J. 

Biomater. Appl. 2012, 26, 549–564, doi:10.1177/0885328210377675. 

56. Liu, Z.; Chen, T.; Han, Q.; Chen, M.; You, J.; Fang, F.; Peng, L.; Wu, B. HDAC inhibitor LMK235 promotes the odontoblast 

differentiation of dental pulp cells. Mol. Med. Rep. 2018, 17, 1445–1452, doi:10.3892/mmr.2017.8055. 

57. Tomlinson, M.J.; Dennis, C.; Yang, X.B.B.; Kirkham, J. Tissue non-specific alkaline phosphatase production by human dental 

pulp stromal cells is enhanced by high density cell culture. Cell Tissue Res. 2015, 361, 529–540, doi:10.1007/s00441-014-2106-3. 

58. Boveia, V.; Schutz-Geschwender, A. Quantitative Analysis of Signal Transduction with In-Cell Western Immunofluorescence 

Assays. Methods Mol. Biol. 2015, 1314, 115–130, doi:10.1007/978-1-4939-2718-0_13. 

59. Zhang, J.; Li, D.; Wang, D.; Man, K.; Yang, X. CircRNA expression profiles in human dental pulp stromal cells undergoing 

oxidative stress. J. Transl. Med. 2019, 17, 327, doi:10.1186/s12967-019-2078-x. 


