Original Article
http://dx.doi.org/10.1590/1678-7757-2025-0447

Selective HDAC4 inhibition by SP1-PTD promotes
odontoblast differentiation
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Background: Vital pulp therapy is limited by incomplete dentin regeneration and dose-limiting toxicities of
current histone deacetylase (HDAC) inhibitors. Previous structural studies have identified critical determinants
of HDAC4-silencing mediator for retinoid and thyroid hormone receptor (SMRT) protein interactions, providing
a rationale for developing selective inhibition strategies. Objective: This study evaluated SMRT peptide
1-protein transduction domain (SP1-PTD), which is a cell-penetrating peptide designed to selectively disrupt
HDAC4-SMRT interaction based on structural insights, for promoting odontoblast differentiation with improved
safety compared to pan-HDAC inhibitors. Methodology: SP1-PTD comprises an SMRT-derived sequence
fused to a PTD, enabling targeted inhibition without affecting HDAC catalytic activity. Effects on odontoblast
differentiation were assessed in murine dental papilla cell lines and primary human dental pulp cells using
gene expression analysis, functional mineralization assays, and mechanistic studies including chromatin
immunoprecipitation and RUNX2 acetylation analysis. Cytotoxicity was directly compared with suberoylanilide
hydroxamic acid (SAHA) and trichostatin A. Results: SP1-PTD treatment significantly enhanced odontoblast
differentiation with 15.9-fold increase in dentin sialophosphoprotein (Dspp) expression alongside upregulation
of RUNX2, osteocalcin, and bone sialoprotein. Functional analysis revealed 1.8-fold increased mineralization
capacity. Mechanistically, SP1-PTD increased RUNX2 protein acetylation and histone acetylation at the Dspp
promoter, indicating derepression of RUNX2-mediated transcription. Importantly, SP1-PTD did not show
cytotoxicity across a wide therapeutic range (0.1-20 uM) and promoted cell proliferation, contrasting sharply
with dose-dependent toxicity of pan-HDAC inhibitors. Direct comparison revealed SP1-PTD induced 14-fold
increase in Dspp expression while SAHA suppressed it despite comparable Runx2 induction. Conclusions:
SP1-PTD represents a first-in-class selective HDAC4 inhibitor that achieves robust pro-differentiation effects
with an exceptional safety profile. By specifically targeting HDAC4-SMRT interactions, SP1-PTD overcomes
limitations of conventional HDAC inhibitors and offers translational promise for dental regenerative medicine.
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Regeneration of the dentin-pulp complex remains a
critical unmet need in regenerative dentistry. Current
therapeutic agents, such as calcium hydroxide and
mineral trioxide aggregate, have limited regenerative
capacity and frequently result in incomplete dentin
bridge formation. Moreover, these materials often fail
to achieve true pulp regeneration, instead forming
calcified barriers that may compromise long-term pulp
vitality and function.* Thus, developing bioactive agents
that can promote complete odontoblast differentiation
and functional dentin regeneration while maintaining
a favorable safety profile remains a major challenge.

Odontoblast differentiation is primarily regulated
by Runt-related transcription factor 2 (RUNX2)/core-
binding factor alpha 1, which is a master regulator
originally identified in osteoblast-mediated bone
formation.2 RUNX2 governs odontoblast differentiation
in dental tissues by regulating key odontogenic genes,
particularly dentin sialophosphoprotein (Dspp).3
Dspp, which is predominantly expressed in mature
odontoblasts, encodes dentin sialoprotein (DSP),
a critical non-collagenous protein that functions as
an odontoblast-specific marker and a nucleator of
dentin mineralization.* RUNX2 further supports this
differentiation program by inducing the expression of
other mineralization-related genes, including dentin
matrix protein 1 (Dmp 1), bone sialoprotein (Bsp),
and osteocalcin (Ocn).>®

The transcriptional activity of RUNX2 is tightly
regulated by post-translational modifications,
particularly acetylation, which enhances RUNX2
protein stability and transcriptional function, whereas
deacetylation facilitates its degradation.” This
regulation is mediated by histone deacetylases
(HDACs), a family of 18 enzymes that remove acetyl
groups from histones and non-histone proteins.8
Among these, HDAC4 plays an important role in
osteoblast differentiation via mechanisms distinct
from other HDAC family members.?® HDAC4, a class
ITa HDAC, differs from class I HDACs because it lacks
intrinsic catalytic activity. Instead, HDAC4 functions
as a scaffold protein: its N-terminal adaptor domain
binds transcription factors such as RUNX2, while
its C-terminal domain recruits the HDAC3-silencing
mediator for retinoid and thyroid hormone receptor
(SMRT) complex.t® This interaction enables HDAC4 to
mediate RUNX2 deacetylation indirectly via HDAC3,

resulting in RUNX2 destabilization and transcriptional
repression.i! Based on these mechanisms, HDAC4 likely
serves as a critical negative regulator of odontoblast
differentiation by suppressing RUNX2 activity.

This understanding has sparked significant interest
in HDAC inhibitors as potential therapeutic agents
for dental regeneration. Pan-HDAC inhibitors such as
trichostatin A (TSA), valproic acid, sodium butyrate,
and suberoylanilide hydroxamic acid (SAHA) have
demonstrated the ability to enhance odontoblast
differentiation in vitro.*>'> However, these compounds
target the conserved catalytic domain shared by
multiple HDAC isoforms,¢ resulting in dose-limiting
toxicities, including thrombocytopenia, cardiotoxicity,
and anemia that prevented their clinical translation.7-1°
The clinical application of these agents in vital pulp
therapy is further complicated by the need for localized
delivery to avoid systemic side effects, highlighting the
urgent need for safer and more selective approaches.

Structural studies by Park, et al.?° (2018) provided
critical insights into HDAC4 regulation by identifying the
molecular determinants of HDAC4-SMRT interaction.
These investigations revealed that SMRT peptide 1
(SP1), derived from the glycine-serine-isoleucine motif
of SMRT-repression domain 3, specifically mediates
binding to class IIa HDACs. Unlike catalytic inhibitors,
SP1 selectively disrupts the HDAC4-SMRT protein-
protein interaction without inhibiting HDAC enzymatic
activity, representing a novel strategy for HDAC4
inhibition. Thus, we hypothesized that SP1-based
inhibitors could be translated to dental regenerative
applications, in which selective HDAC4 inhibition might
promote odontoblast differentiation while avoiding the
toxicities associated with pan-HDAC inhibition.

The potential clinical advantages of this selective
approach are substantial. First, by preserving the
catalytic functions of other HDAC isoforms, SP1-based
inhibitors would avoid the systemic toxicities that
have limited pan-HDAC inhibitor translation. Second,
the peptide-based nature of SP1 derivatives offers
advantages for localized delivery in dental applications,
enabling direct application to pulp tissues via pulp
capping materials or injectable hydrogels. Third,
selective HDAC4 inhibition specifically targets the
pathway most relevant to odontoblast differentiation,
potentially achieving superior therapeutic efficacy with
reduced off-target effects.

In this study, the SP1-protein transduction domain
(PTD) was engineered by conjugating the SMRT-
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derived inhibitor peptide (SP1: IRGSITQGIPR) with
a PTD sequence (PTD: YARVRRRGPRR) to enhance
cellular uptake and to evaluate its potential as a safe
and effective agent for dental pulp regeneration. The
hypothesis was that SP1-PTD specifically alleviates
HDAC4-mediated repression of RUNX2 by preventing
the recruitment of the SMRT-HDAC3 complex,
thereby promoting odontoblast differentiation with
reduced toxicity compared to pan-HDAC inhibitors.
This study aimed to assess the effects of SP1-PTD
on odontoblast differentiation in murine and human
dental pulp cells (HDPCs), to elucidate the underlying
molecular mechanisms with particular emphasis on
RUNX2 acetylation and target gene regulation, and to
compare the efficacy and safety profiles of SP1-PTD
with those of conventional HDAC inhibitors. Collectively,
this research aims to establish a novel paradigm for
dentin regeneration via the selective disruption of
HDAC4 protein—-protein interactions, while highlighting
SP1-PTD as a clinically relevant therapeutic strategy
that may overcome the safety limitations impeding
the translation of HDAC-based therapies in dentistry.

The SP1-PTD peptide was designed based on
structural insights from our previous crystallographic
study of HDAC4-SMRT interaction.?° The SP1 sequence
(IRGSITQGIPR) was derived from amino acids
1361-1369 of human SMRT-repression domain 3,
corresponding to the critical glycine-serine-isoleucine
motif that specifically mediates binding to class
ITa HDACs. This sequence was selected based on
the following criteria: (1) direct contact residues
identified in the HDAC4-SMRT crystal structure, (2)
conservation across species, and (3) demonstrated
binding specificity for class IIa versus class HDACs in
previous biochemical assays. The SP1 was fused at its
N-terminus to a PTD sequence YARVRRRGPRR, derived
from the human hypoxia-inducible protein 1 (Hph-1) to
enable cellular permeability.'® This particular PTD was
selected based on its established efficacy in peptide
delivery applications and its minimal cytotoxicity profile
compared to other cell-penetrating peptides such as
TAT or polyarginine sequence.

The SP1-PTD fusion peptide (final sequence:
YARVRRRGPRR- IRGSITQGIPR) was chemically

synthesized using solid-phase peptide synthesis with
Fmoc chemistry by Anygene Co. (Gwangju, South
Korea). Peptide purity was confirmed to be >95%
by high-performance liquid chromatography (HPLC),
and identity was verified by mass spectrometry. The
lyophilized peptide was reconstituted in dimethyl
sulfoxide (DMSO) to prepare a 20 mM stock solution,
which was aliquoted and stored at -80°C. Working
concentrations were prepared by diluting the stock
solution in medium culture to achieve final DMSO
concentrations <0.1% to avoid solvent-related
cytotoxicity. Peptide stability was confirmed for up to
six months under these storage conditions by analytical
methods. For quality control, each peptide batch was
tested for: (1) purity by analytical HPLC, (2) identity by
mass spectrometry, (3) endotoxin levels using standard
assays, and (4) sterility by microbiological testing. Only
peptide batches meeting all quality criteria were used
in experiments.

Two cell lines derived from murine dental papilla,
namely MDPC23 and mDP cells, were employed in
this study. Both cell lines were cultured in Dulbecco’s
modified Eagle medium (DMEM; 11995-065, Gibco BRL,
Gaithersburg, MD, USA) supplemented with 10% fetal
bovine serum (FBS; 16000-044, Gibco BRL), 100 U/mL
penicillin, and 100 pg/mL streptomycin, and maintained
at 37°C in a humidified incubator with 5% carbon
dioxide (CO,). To induce odontoblastic differentiation,
MDPC23 cells were cultured in a differentiation medium
comprising DMEM supplemented with 5% FBS, 10
mM B-glycerophosphate (G9422, Sigma-Aldrich), and
50 pg/mL ascorbic acid 2-phosphate (A8960, Sigma-
Aldrich), with or without SP1-PTD for the indicated
durations. The medium was further supplemented with
200 ng/mL recombinant human bone morphogenic
protein 2 (355-BM, R&D systems) for odontogenic
differentiation of mDP cells. Based on the results of
a pilot study (Supplement Figure 1), SP1-PTD was

used at concentrations of 10 or 20 UM in subsequent
experiments, with 20 yM being employed as the
primary condition.

To ensure translational relevance and to confirm
that the effects of SP1-PTD were not limited to
murine-derived cells, primary human dental pulp cells
(HDPCs) were employed in addition to murine cell
models. HDPCs were isolated from healthy donors aged
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16-25 years, following informed consent. The study
protocol was approved by the Institutional Review
Board (IRB) of Chonnam National University Medical
School (IRB number: CNUDH-2016-009). Dental
pulp tissues were aseptically harvested from freshly
extracted teeth from five donors, pooled, minced, and
incubated with 30 mg/mL collagenase type I (C0130,
Sigma-Aldrich Co.) for 1 h at 37°C. The dissociated
cells were cultured in a-modified Eagle’s medium
(12561, GIBCO BRL) supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin,
and maintained in a humidified atmosphere of 5%
CO, at 37°C. HDPCs at passages two to three were
used for experiments. Characterization of the cultured
cells confirmed that they retained a mesenchymal and
undifferentiated phenotype (Supplement Figure 2).
Moreover, all cultures tested negative for mycoplasma
contamination, ensuring the quality and reproducibility
of the cell model (Supplement Figure 3). Odontoblastic
differentiation was induced using a medium containing
10 mM B-glycerophosphate, 50 pg/mL ascorbic acid
2-phosphate, and 0.1 pyM dexamethasone (D1756,
Sigma-Aldrich Co.), with or without SP1-PTD.

Cell viability was evaluated using the EZ-Cytox
assay kit (Dogenbio Co., Ltd., Seoul, Korea). MDPC23
cells (8x103 cells/well) were seeded in 48-well plates
and incubated for 24 h, and were then treated with

varying concentrations of the test reagents (0-1.0
UM SAHA, 0-20 uM TSA, 0-50 uyM SP1-PTD) for an
additional 24 h. The working concentrations of TSA and
SAHA were selected based on established literature. 34
Then, EZ-Cytox reagent was added to each well,
and the plates were incubated at 37°C for 30 min.
Absorbance was subsequently measured at 450 nm.
All experiments were performed with at least three
independent biological replicates, each in technical
triplicate.

Cells were seeded in 6-well plates at a density of
1-2x10° cells per well and treated with 20 uM SP1-
PTD. The treatment duration was five days for murine
cells and seven to ten days for HDPCs. Total RNA
was extracted using Trizol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Reverse transcription was performed using Moloney
murine leukemia virus reverse transcriptase (M1705,
Promega). Real-time complementary DNA amplification
was performed using SYBR Green PCR Master Mix
(QS105, Philekorea, Seoul, Korea) on a Rotor-Gene
3000 System (Qiagen). The PCR protocol comprised
incubation at 95°C for 2 min, followed by 45 cycles of
denaturation at 95°C for 5 s and annealing/extension
at 62°C for 30 s. Figura 1 lists the primer sequences
used in the analysis.

Genes Sequences size (bp) Genbank Accession No.
F : TATGGTAACGGGCCTGGCTAC
m Alp 187 NM_007431.2
R : TGCTCATGGACGCCGTGAAGCA
F : GGA GGC AGAGAACTC CACAC
m Bsp 127 NM_008318.3
R: TGC ATC TCC AGC CTT CTT GG
F : GGAGGATGAAGATACAGG CT
m DSPP 178 NM_010080.3
R:TGG GAAGCCTTC TTGTTCTT
F : TGAACAGACTCCGGCGCTAC
m Ocn 172 NM_007541.2
R : AGGGCAGCACAGGTCCTAA -
F : CCAGGCAGGTGCTTCAGAACTG
m RUNX2 157 NM_001146038.2
R : ACATGCCGAGGGACATGCCTG
F: GGGATG TTG GCG ATG CA
h DSPP 70 NM_014208
R: CCAGCTACT TGA GGT CCATCT TC
F: CAATCATGA GAAAAATGC CAAA
h RUNX2 155 NM_001024630.4
R: TTG CCC AAG AAT TGC TTT CC
F : AAT CTG GCACCACACCTTCT
h/m B-actin 138 NM_001101.5
R : GGG GTG TTG AAG GTC TCAAA

(m, mouse; h, human)

Figure 1- Oligonucleotide sequences of primers
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Cells were seeded in 6 cm dishes at a density of
2-3 x 10° cells per well and treated with 20 uM SP1-
PTD for five days in murine cells and for ten days in
HDPCs. Total protein was extracted using CytoBuster
Protein Extraction Reagent (71009, Novagen), and
were separated by 10-12% SDS-polyacrylamide gel
electrophoresis and transferred onto nitrocellulose
membranes using iBlot2 (Thermo Fisher Scientific.,
Waltham, MA, USA) for both total lysates and
immunoprecipitated samples. Membranes were
blocked with 5% skim milk in 10 mM Tris-buffered
saline containing 0.1% Tween-20 for 1 h at room
temperature, then incubated overnight at 4°C with
primary antibodies. After washing, the membranes
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 h at room
temperature. Subsequently, the blots were washed
and developed using an HRP substrate (Millipore Corp.,
Billerica, MA, USA). Protein bands were visualized
using the ODYSSEY imaging system (LI-COR, Lincoln,
NE, USA) and quantified using Scion Image software.
Figura 2 details the antibodies employed in the assay.

After treatment with 0-20 uM SP1-PTD during
odontoblastic differentiation, ALP staining was
performed on day seven for murine cell lines and
day ten for primary HDPCs. For ALP staining, cells
were washed with phosphate-buffered saline (PBS),
fixed in 10% formaldehyde for 5 min, and rinsed with
distilled water (DW). A 5-bromo-4-chloro-3-indolyl
phosphate/nitro-blue tetrazolium solution (B1911,
Sigma-Aldrich) was then added, and the enzymatic
reaction was terminated by adding DW. Stained cells
were imaged, and staining intensity was quantified
using Scion Image software. Alizarin Red S staining was
performed at time points corresponding to the stages
of differentiation: at day 12 in murine cells and at day
21 in HDPCs. Cells were rinsed with PBS, fixed in 70%
ethanol for 30 min at room temperature, and stained
with 40 mM Alizarin red S (pH 4.2) for 10 min at room
temperature. Images were captured after washing
twice with DW, and the bound dye was extracted using
10% cetylpyridinium chloride (C5460, Sigma-Aldrich)
for 15 min. Absorbance was measured at 570 nm using
a microplate reader (Bio-Tek Instruments, Winooski,

VT, USA).

Dspp promoter activity was evaluated using a
luciferase reporter assay kit (Promega). MDPC23 cells
were seeded in 24-well plates 24 h before transfection
with Lipofectamine LTX and Plus Reagent (15338,
Thermo Fisher Scientific), then were transfected with
pGL3-Dspp with or without pFLAG-CMV5-RUNX2.
After 24 h, cells were treated with 20 uM SP1-PTD for
an additional 24 h, then, they were harvested, and
luciferase activity was measured using a Lumat LB9501
luminometer (EG&G Berthold, BadWildbad, Germany),
and normalized to B-galactosidase values.

ChIP assay was performed using a ChIP Assay Kit
(17-295, Millipore). Briefly, MDPC23 cells (8x10%)
were seeded in 10 cm culture dishes and cultured in
differentiation medium with or without 20 uM SP1-
PTD for 24 h. Cells were fixed with 1% formaldehyde
at 37°C for 10 min. Nuclei were isolated using a
nuclear lysis buffer containing a protease inhibitor
cocktail (Millipore). Chromatin deoxyribonucleic acid
(DNA) was fragmented by sonication to 200-1000
base pairs. The sheared chromatin was diluted 1:10
in ChIP dilution buffer and incubated overnight at
4°C with anti-acetyl-histone H3 antibody or anti-
immunoglobulin (Ig) G (Figura 2). Input DNA and
non-specific IgG controls were included in each
experiment. Protein A/G bead-antibody/chromatin
complexes were washed and subjected to reverse
cross-linking. The DNA was then purified and analyzed
by polymerase chain reaction (PCR) using specific
primers (forward: TTTCCCCGAGTCTGCATGAA; reverse:
CTGAATTGTAAGCCAGCCTCA). PCR products were
resolved by 1.5% agarose gel electrophoresis and
visualized accordingly.

MDPC23 cells (3x105) were seeded in 6-cm
culture dishes and cultured in differentiation medium
with or without 20 uM SP1-PTD for two days. Total
proteins were extracted, and 80 ug of cell lysates
were precleared with protein A/G agarose beads
(GE Healthcare) for 30 min, followed by overnight
incubation with the indicated primary antibodies.
Fresh protein A/G agarose beads were subsequently
added and incubated for 3 h at 4°C. After washing
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Western blot host

Source

Primary antibody

anti-DSPP mouse sc-73632, Santa Cruz Biotechnology Inc.
anti-RUNX2 rabbit 8486, Cell Signaling Technology Inc.
anti-B-actin mouse A5441, Sigma-Aldrich

Secondary antibody

anti-mouse 1gG

7076, Cell Signaling Technology Inc.

anti-rabbit IgG

7074, Cell Signaling Technology Inc.

Chromatin Immunoprecipitation (ChIP) assay

anti-acetyl-histone H3 antibody rabbit

9627, Cell Signaling Technology

anti-immunoglobulin (Ig) G mouse

7074, Cell Signaling Technology

Immunoprecipitation

Primary antibody

anti-acetylated lysine mouse sc-32268, Santa Cruz Biotechnology Inc. (Dallas, TX, USA)
anti-acetyl-histone H3 rabbit 9627, Cell Signaling Technology Inc.

anti-histone H3 rabbit 9715, Cell Signaling Technology Inc. (Danvers, MA, USA)
anti-RUNX2 rabbit 8486, Cell Signaling Technology Inc.

Secondary antibody

anti-rabbit IgG (Conformation Specific) rabbit

5127, Cell Signaling Technology Inc.

anti-mouse IgG mouse

7076, Cell Signaling Technology Inc.

Figure 2- Antibodies used in this study

with extraction buffer, the beads were resuspended
in 20 pyL of SDS sample buffer and denatured at
95°C for 5 min. Eluted proteins were separated by
10-12% SDS-PAGE and transferred onto nitrocellulose
membranes using the iBlot2 system (Thermo Fisher
Scientific). For the detection of acetylated RUNX2,
immunoprecipitation was performed using an anti-
acetyl-lysine antibody, and the precipitated proteins
were analyzed by immunoblotting with an anti-RUNX2
antibody. Immunoprecipitation was conducted using an
anti-acetyl-histone H3 antibody to examine histone H3
acetylation, followed by immunoblotting with an anti-
histone H3 antibody.

All experiments were conducted with at least three
independent biological replicates, each assessed in
technical triplicates. Data normality could not be
reliably evaluated due to the limited sample size (n=3
per group); Therefore, non-parametric statistical
tests were employed. Data are shown as mean +
standard deviation (SD). Mann-Whitney U test was
used for comparisons between two groups, and the
Kruskal-Wallis test followed by Dunn’s post hoc test
was used for comparisons between more than two
groups. Statistical analyses were performed using
GraphPad Prism (version 5.0; GraphPad Software, San
Diego, CA, USA). Exact p-values are provided in the

figure captions, with p<0.05 considered statistically
significant.

The effects of SP1-PTD on odontoblast differentiation
were examined using MDPC23 cells (Figure 3), which
were cultured in a differentiation medium for five
days with or without 20 pM SP1-PTD. The expression
levels of odontoblast marker genes (Dspp, Ocn,
Bsp, and Runx2) were assessed at the mRNA and
protein levels. SP1-PTD treatment upregulated mRNA
expression: Dspp (15.9-fold, p=0.0228), Runx2
(2.2-fold, p=0.05), Bsp (2.1-fold, p=0.0383), and
Ocn (9.3 fold, p=0.05), compared to controls (Figure
1A). Consistently, SP1-PTD also elevated expression
protein levels of DSP and RUNX2 by 3.7 (p=0.05) and
2-fold (p=0.05), respectively (Figure 3B). To assess
the mineralization-promoting effect of SP1-PTD, ALP
activity was measured in MDPC23 cells cultured under
differentiation conditions with or without various
concentrations of SP1-PTD. Figure 3C shows that
treatment with 20 uM SP1-PTD resulted in a 1.5-fold
(p=0.05) increase in ALP activity. Alizarin red S staining
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further demonstrated a dose-dependent increase in
mineralized nodule formation, with a 1.8-fold (p=0.05)
increase at 20 uM SP1-PTD (Figure 3D).

To validate the effect of SP1-PTD on odontoblast
differentiation, its influence on the upregulation of
odontoblast marker genes was further examined in
mDP cells, another murine dental papilla-derived cell
line (Figure 4). Following five days of odontogenic
differentiation with or without 20 yM SP1-PTD
treatment, mRNA levels of Dspp and Runx2 in mDP
cells were quantified (Figure 4A). SP1-PTD treatment
resulted in 7.3-(p=0.0383) and 2.6-fold (p=0.05)
increases in Dspp and Runx2 mRNA levels, respectively,

compared to untreated controls. Under the same
conditions, DSP protein expression increased 6.3-
fold (p=0.05), while RUNX2 protein levels showed a
marginal increase (p=0.05) (Figure 4B). Enhanced
mineralization in response to SP1-PTD was confirmed
by ALP (p=0.0383) and Alizarin red S staining (p=0.05)
(Figures 4C and 4D).

Subsequently, the effect of SP1-PTD on the induced
differentiation of HDPCs was also evaluated to ensure
translational relevance. On day seven post-induction,
SP1-PTD treatment resulted in a 2.1-fold increase in
Runx2 mRNA levels, whereas on day ten, Dspp mRNA
levels showed a 4.3-fold increase (Figure 4E). DSP
and RUNX2 protein levels also increased significantly,
showing an approximately 6.2 fold (p=0.05) and 2.5-
fold (p=0.05) elevation under the same conditions
(Figure 4F). SP1-PTD markedly enhanced mineralization

Figure 3- Effects of silencing mediator for the retinoid and thyroid receptor peptide 1 fused with protein transduction domain (SP1-PTD)
on odontoblastic differentiation of MDPC23 cells. (A) MDPC23 cells were cultured in a differentiation medium with or without 20 uM
SP1-PTD for five days. mRNA levels of dentin sialophosphoprotein (Dspp), Runt-related transcription factor 2 (Runx2), bone sialoprotein
(Bsp) and osteocalcin (Ocn) were measured by real-time PCR. (B) Protein expression of dentin sialoprotein (DSP) and RUNX2 was
analyzed by Western blotting following treatment with 20 uM SP1-PTD for five days. Cells were treated with 0, 5, 10, or 20 uM SP1-PTD
in mineralization medium, followed by alkaline phosphatase staining after seven days (C) and Alizarin Red S staining after 12 days (D).
Data are shown as mean * standard deviation. * indicates statistically significant differences from the control (Mann-Whitney U test,

p<0.05, n=3).
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during odontoblast differentiation of HDPC (Figures 4G
and 4H).

The hypothesis was that SP1-PTD upregulates
odontoblast marker gene expression by relieving
repression of RUNX2 transcriptional activity, given

its function as an HDAC4-specific inhibitor. Thus, a
luciferase reporter assay was performed using a Dspp
promoter containing a RUNX2-binding site. MDPC23
cells were transiently transfected with the reporter
plasmid, with or without Runx2, and luciferase activity
was measured. As expected, Runx2 expression
increased Dspp promoter-driven luciferase activity
by over 100-fold (p=0.05) (Figure 5A). Notably, 20

Figure 4- Effects of silencing mediator for the retinoid and thyroid receptor peptide 1 fused with protein transduction domain (SP1-PTD)
on odontoblast differentiation of mDP cells and human dental pulp cells (HDPCs). (A) mDP cells were cultured in a differentiation medium
with or without 20 uM SP1-PTD for five days. mRNA levels of dentin sialophosphoprotein (Dspp) and Runt-related transcription factor 2
(Runx2) were quantified by real-time PCR. (B) Under the same conditions, protein levels of dentin sialoprotein (DSP) and RUNX2 were
analyzed by Western blotting in mDP cells. Mineralization was evaluated using alkaline phosphatase (ALP) staining on day seven (C)
and Alizarin red S staining on day 12 (D) following SP1-PTD treatment. (E) HDPCs were cultured in odontoblast differentiation medium
containing 0.1 yM dexamethasone with or without 20 yM SP1-PTD. The mRNA expression of RUNX2 and DSPP was measured on
days seven and ten, respectively. (F) Protein levels of DSP and RUNX2 were assessed by Western blotting on day ten in HDPCs. (G-H)
ALP staining (G) and Alizarin red S staining (H) were performed on days ten and 21, respectively in HDPCs. Data are shown as mean +
standard deviation (n=3). *p<0.05 by Mann-Whitney U test, #p<0.05 by Kruskal-Wallis test.

J Appl Oral Sci. 8/13 2025;33:€20250447



UM SP1-PTD further enhanced Dspp promoter activity
in the presence or absence of Runx2 (Figure 5A). In
the absence of Runx2 expression, SP1-PTD induced a
16-fold (p=0.05) increase in Dspp promoter activity,
likely via activation of endogenous RUNX2. When
Runx2 was overexpressed, SP1-PTD led to a modest

effect of SP1-PTD. Under the overexpression of RUNX2
protein, SP1-PTD also elevated DSP and RUNX2 protein
levels (Figure 5B). To further explore the mechanism
of gene activation, ChIP assays were conducted to
assess histone acetylation at the Dspp promoter. PCR
targeting the Dspp promoter region (-2600 to -2361)

showed a 3-fold increase in H3 acetylation at this locus
(Figure 5C). These findings indicate that SP1-PTD

1.4-fold (p=0.05) increase, possibly due to promoter
saturation, which might have masked the additive

Figure 5- Silencing mediator for the retinoid and thyroid receptor peptide 1 fused with protein transduction domain (SP1-PTD) enhances
Runt-related transcription factor 2 (RUNX2) transcriptional activity and acetylation, resulting in increased histone H3 acetylation at the
dentin sialophosphoprotein (Dspp) promoter region. (A) The effect of SP1-PTD on Dspp promoter activity was assessed by luciferase
reporter assay. MDPC23 cells were transfected with a Dspp-luciferase reporter plasmid with or without a Runx2 expression vector, and
treated with 20 yuM SP1-PTD for 24 h. Promoter activity was quantified by luciferase assay. (B) Under the overexpression of RUNX2
protein, levels of RUNX2 and dentin sialoprotein (DSP) were assessed by Western blotting in MDPC23 cells. (C) The effect of SP1-PTD on
histone H3 acetylation at the Dspp promoter region was analyzed by chromatin immunoprecipitation assay. MDPC23 cells were cultured
in a differentiation medium with or without 20 uM SP1-PTD for 24 h. Chromatin DNA was immunoprecipitated using an antibody (IgG) or
an antibody against acetylated histone H3. DNA was purified and subjected to PCR to monitor the presence of the Dspp promoter region
(-2600 to -2361). (D) Acetylation of RUNX2 and histone H3 in MDPC23 cells was examined by immunoprecipitation after two days of
differentiation induction with or without 20 uM SP1-PTD. Data are shown as mean * standard deviation. * indicates statistically significant
differences from the control (Mann—-Whitney U test, p<0.05, n=3).
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enhances histone acetylation at the Dspp promoter,
likely by preventing recruitment of the HDAC3-SMRT
complex to RUNX2, thereby promoting transcription of
odontogenic genes such as Dspp and Runx2.

RUNX2 protein stability is regulated by its
acetylation status, therefore, the observed increase
in RUNX2 protein levels following SP1-PTD treatment
might result from enhanced acetylation. MDPC23
cells were treated with 20 uM of SP1-PTD and RUNX2
acetylation levels were evaluated to investigate this.
Figure 5D shows that SP1-PTD treatment led to a 2-fold
increase in RUNX2 acetylation, indicating inhibition
of HDAC4-mediated deacetylation of RUNX2. These
findings suggest that SP1-PTD upregulates RUNX2

protein levels via transcriptional activation of the Runx2
gene and post-translational stabilization via increased
acetylation, both likely mediated by HDAC4 inhibition
via the SP1 peptide. Additionally, SP1-PTD induced
a 1.6-fold increase in global histone H3 acetylation,
further supporting its broader role in gene regulation
by suppressing HDAC4-dependent transcriptional
repression (Figure 5D).

To evaluate the therapeutic potential of SP1-PTD, its
effects on odontoblast differentiation were compared
to those of the classical pan-HDAC inhibitors, SAHA,

Figure 6- Silencing mediator for the retinoid and thyroid receptor peptide 1 fused with protein transduction domain (SP1-PTD) enhances
odontoblast differentiation with reduced cytotoxicity compared to other pan-histone deacetylase (HDAC) inhibitors. (A—-B) mRNA
expression levels of dentin sialophosphoprotein (Dspp), Runt-related transcription factor 2 (Runx2) (A), and alkaline phosphatase (Alp)
(B) were assessed in MDPC23 cells on day five after treatment with or without HDAC inhibitors (suberoylanilide hydroxamic acid [SAHA],
trichostatin A[TSA], and SP1-PTD) at the indicated concentrations. (C) Mineralization capacity was evaluated using Alizarin red S staining
on day 12 with the respective HDAC inhibitors in MDPC23. (D) Cell viability was evaluated in MDPC23 cells after 24 h of treatment with
or without SP1-PTD at varying concentrations (#p=0.0313). (E) The cytotoxicity of SAHA (#p=0.0286),TSA (#p=0.0228), and SP1-PTD
(#p=0.0695, ns) was evaluated in MDP23 cells after 24 h of incubation at the specified concentrations. Data are shown as mean *
standard deviation (n=3). *p<0.05 by Mann—Whitney U test, #p<0.05 by Kruskal-Wallis test.
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and TSA (Figure 6). Odontoblast marker expression
(Dspp, Runx2, and Alp) was quantified in MDPC23
cells treated with increasing concentrations of each
HDAC inhibitor. SP1-PTD treatment resulted in a
dose-dependent upregulation of all three genes, with
maximal increases of 14-fold (p=0.05) for Dspp, 2.6-
fold (p=0.05) for Runx2, and 1.8-fold (p=0.05) for
Alp at 20 pM (Figures 6A and 6B). In contrast, SAHA
elevated Runx2 expression to levels comparable to
SP1-PTD but concurrently suppressed Dspp expression
(Figures 6A and 6B). TSA showed minimal or inhibitory
effects on three genes under the tested conditions.
These transcriptional trends were corroborated by
mineralization assays: SP1-PTD treatment resulted
in @ more pronounced increase in mineralized nodule
formation than SAHA or TSA, as evidenced by Alizarin
red S staining (Figure 6C). Together, these findings
indicate that SP1-PTD is a more effective inducer of
odontoblast differentiation than nonspecific pan-HDAC
inhibitors.

The cytotoxicity profile of SP1-PTD was compared
with those of other HDAC inhibitors using MDPC23 cells.
SP1-PTD treatment at concentrations ranging from 0.1
to 20 uM did not show cytotoxic effects; Instead, it
promoted cell proliferation in a dose-dependent manner
(Figure 6D). A reduction in cell viability was observed
at 50 pM, although viability remained comparable to
levels measured at lower concentrations (0.5, 1, and 5
MM) (Figure 6D). In contrast, SAHA and TSA induced a
dose-dependent increase in the cytotoxicity across the
tested dose range. These findings indicate that SP1-
PTD has significantly lower cytotoxicity than other pan-
HDAC inhibitors, such as SAHA and TSA (Figure 6E).

This study identifies SP1-PTD as a first-in-
class peptide inhibitor that promotes odontoblast
differentiation by selectively disrupting the HDAC4-
SMRT interaction. In contrast to conventional pan-HDAC
inhibitors, SP1-PTD achieves robust pro-differentiation
effects while showing markedly reduced cytotoxicity.
These findings highlight the therapeutic potential of this
targeted approach, as SP1-PTD consistently enhanced
odontoblast differentiation across multiple cellular
models, from murine dental papilla cells to primary
HDPCs.

The mechanisms of action of SP1-PTD represent

a paradigm shift in HDAC inhibitor design. Unlike
conventional inhibitors that target the conserved
catalytic domain, SP1-PTD specifically disrupts the
protein—protein interaction between HDAC4 and SMRT.2°
This specificity is crucial given that HDAC4, a class Ila
HDAC, lacks intrinsic deacetylase activity and instead
functions as a scaffold for recruiting the HDAC3-SMRT
complex.!! Mechanistic analyses conducted in this study
demonstrated that SP1-PTD treatment enhanced the
acetylation of both the RUNX2 protein and histones at
the Dspp promoter. SP1-PTD simultaneously stabilized
RUNX2 and increased chromatin accessibility at
odontogenic promoters by preventing recruitment of
the HDAC3-SMRT complex, providing a mechanistic
explanation for the robust transcriptional activation
observed.

The therapeutic benefits of SP1-PTD compared
to pan-HDAC inhibitors are significant. While prior
studies have shown that agents such as SAHA or TSA
can induce partial odontogenic effects,!3** our findings
demonstrated that SP1-PTD consistently outperformed
these inhibitors in both efficacy and safety. Rather
than producing paradoxical or gene-specific effects,
as reported for SAHA, SP1-PTD uniformly enhanced
multiple odontogenic markers. Importantly, SP1-
PTD showed a clear safety advantage, showing no
cytotoxicity at effective concentrations, in contrast to
the well-documented dose-dependent toxicity of pan-
HDAC inhibitors. This favorable safety profile may be
attributed to the selective disruption of protein—-protein
interactions, which preserves the broader catalytic
functions of HDACs while specifically inhibiting HDAC4-
mediated repression of odontogenic genes.

The clinical implications of these findings are also
significant. Current pulp capping materials demonstrate
limited regenerative capacity and frequently fail to
achieve complete dentin bridge formation. Efforts
to develop bioactive agents capable of inducing
genuine regeneration have been impeded by safety
concerns, particularly regarding pan-HDAC inhibitors,
which are associated with systemic toxicities such
as thrombocytopenia, cardiotoxicity, and anemia.'’*°
SP1-PTD overcomes these limitations by providing a
targeted approach that promotes robust odontoblast
differentiation without incurring these toxic effects.
Furthermore, the peptide-based nature of SP1-PTD is
well-suited for localized delivery, enabling its integration
into dental materials or its application as a pulp-capping
agent.
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Several limitations warrant consideration. First, all
experiments were performed in vitro, and the efficacy of
SP1-PTD in promoting dentin regeneration in vivo has yet
to be established, and the complex microenvironment
of the dental pulp, encompassing immune interactions,
vascularization, and extracellular matrix dynamics,
may modulate its activity. Second, although histone
acetylation at the Dspp promoter was demonstrated,
comprehensive genome-wide analyses of chromatin
accessibility are necessary to elucidate the specificity
of SP1-PTD. Third, timing of differentiation is likely
context-dependent. Odontogenic markers such as Runx2
and Dspp responded earlier in our cellular models than
has been reported in some other studies, suggesting
that stage- or species-specific factors may influence
the observed kinetics. This earlier response is likely
attributable to the specific characteristics of our cellular
models and induction conditions, as previous studies
have also demonstrated that the timing of odontogenic
differentiation marker expression can vary depending
on cell type, stage of differentiation, and external
modulators.?t-2* Therefore, the kinetics observed in
our study reflect context-dependent, model-specific
regulatory dynamics, rather than experimental artifact.
Consequently, determining the optimal timing for SP1-
PTD administration during odontoblast differentiation
will be critical to maximizing its therapeutic efficacy.
The use of both murine dental papilla-derived cells
(MDPC23, mDP) and primary human dental pulp cells
further underscores the robustness of these findings
and enhances their translational relevance.

Future research should focus on several critical
areas. In vivo validation employing dental injury models
is essential to confirm the regenerative potential of
SP1-PTD. The development of appropriate delivery
systems, such as injectable hydrogels or integration
into restorative materials, is necessary to facilitate
clinical translation. Moreover, given that HDAC4
interacts with myocyte enhancer factor 2C (MEF2C)—a
transcription factor involved in skeletal and cardiac
muscle differentiation and an upstream regulator
of RUNX2—to regulate chondrocyte hypertrophy
during skeletal development,?*?> SP1-PTD may have
broader applications in skeletal regenerative medicine.
Since HDAC4 suppresses chondrocyte hypertrophy
by inhibiting the transcriptional activities of MEF2C
and RUNX2,%627 SP1-PTD could potentially enhance
endochondral bone formation, thereby warranting
further investigation in orthopedic contexts.

SP1-PTD represents a significant advancement in
developing epigenetic modulators for regenerative
medicine. This peptide inhibitor achieves targeted
promotion of odontoblast differentiation while avoiding
the toxicities that have hindered the clinical application
of HDAC inhibitors by selectively disrupting the HDAC4-
SMRT interaction. The specificity and favorable safety
profile of SP1-PTD position it as a promising therapeutic
candidate for dental pulp regeneration and potentially
other regenerative contexts involving HDAC4-mediated
regulation.
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