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(HDACIs), Trichostatin A (TSA) and Suberoylanilide hydroxamic acid (SAHA). However, a comparison of
the potency for stimulating odontoblast-like differentiation and mineralization process among these two
HDACIs has not been reported. Therefore, we aimed to confirm and compare the stimulatory effect of
TSA and SAHA in inducing odontoblast-like differentiation and promoting mineralized-nodule formation.
The primary cultured hDPCs was used for MTT assay, ALP activity assay, and alizarin red staining in the
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INTRODUCTION

The breakdown of dentin layer integrity triggered by a deep dental cavity may lead
to dental pulp inflammation (pulpitis) (1) and the pulp-capping material application may be
required to stimulate reparative dentin formation as a dental repairing system and protect
pulp tissue from further inflammation. (2) Importantly, the quality of reparative dentin
structure is highly influenced by the signaling molecules contained in the material applied.
The discontinuities and absence of tubular structure in reparative dentin mediated by the
conventional pulp-capping material (3-12) can reduce dentin permeability and is incapable
of providing long-term protection of the pulp tissue in later life. (2, 13)

Dental pulp cells exhibited their ability to differentiate into odontoblast-like cells
and generate reparative dentin formation in response to the damaged dentin. This potency
indicates that pulp tissue contains odontogenic progenitor or stem cells which can
differentiate into multiple cell lineages including odontoblast, osteoblast, and adipocyte.
(14, 15) Nevertheless, every cell in an individual carries the same genetic information
encoded in the chromosome, so the presence of a specific signaling molecule is essential
to control the cell fate decision, proliferation, and differentiation involved in reparative
dentin formation. (14-18)

Epigenetic events such as histone modification (19) is one of the ways to turn ‘on’
or ‘off” the gene expression through modifying the chromosome structure without changing
the DNA sequences. (20) This event takes control of directing ‘the destination’ lineage of
cells (15, 18) and involves two enzymes; histone acetyltransferases (HATs) and histone

deacetylases (HDACs) generating histone acetylation and deacetylation, respectively. (19, 20)



The acetylation by HATSs is associated with gene activation through nucleosome relaxation.
While, the deacetylation by HDACs is associated with gene repression through nucleosome
compaction. (19-21) Eighteen members of HDACs have been found in humans and divided
into four classes depending on their structural similarities (21-23) in which class | HDAC
(HDACH, 2, and 3) and class Il HDAC (HDAC4, 5, and 9) have been expressed in dental pulp
tissue (24).

Nowadays, Trichostatin A (TSA) and Suberoylanilide Hydroxamic Acid (SAHA or
Vorinostat), hydroxamate acid HDAC inhibitors (HDACis) members (20, 23, 25), are the most
studied HDACis in the field of dentinogenesis-induction but, only SAHA has an approval from
the United States Food and Drug Administration (FDA) for clinical use in the treatment of
cutaneous t-cell lymphoma (CTCL) (20, 25). Both are involved in changing the balance
between HATs and HDACs by blocking the active site of HDACs. This blockade promotes the
relaxation of nucleosome structure and facilitates the binding of transcriptional machinery
proteins to target genes resulting in gene activation. (23, 26)

Huang et al. (27) has reported the direct involvement of TSA in the TGF-B pathway
playing an important role in inducing dentinogenesis at the early stage of odontoblast-like
cell differentiation through up-regulating the expression of odontoblast differentiation-
related gene markers including the nuclear factor I-C (NFI-C), dentin sialophosphoprotein
(DSPP), dentin matrix protein 1 (DMP1), bone sialoprotein (BSP), and osteocalcin (OC). TSA
also enhances ALP activity and mineralization in a dose-dependent manner. (28) While, SAHA
treatment in MDPC23 odontoblast-like cell line demonstrated the enhancement of

odontoblast differentiation through enhanced DSPP gene expression mediated by the



increased NFI-C expression in mRNA and protein level which subsequently, induced
mineralization in a dose-dependent manner. (26) These findings indicated that TSA and SAHA
might induce odontoblast differentiation and promote mineralization through enhanced
dentin extracellular matrix production in pulp-derived stem cells (28) and transformed cell
lines (26, 27, 29). However, a comparison of the stimulatory effects on dentinogenesis-
induction between TSA and SAHA has not been reported in primary cells of dental pulp.
This present study aims to investigate and compare the stimulatory effect of TSA
and SAHA in inducing odontoblast-like differentiation of human dental pulp cells (hDPCs)
and mineralized nodule formation, through the involvement of odontoblast differentiation-
related genes. Therefore, this study may provide valuable information for the initial

development of a biocompatible material to induce dentin regeneration.



LITERATURE REVIEW

The discovery in 1940 - 1953 revealed that DNA (deoxyribonucleic acid) molecules
is a carrier of hereditary information which encodes all the instruction needed for regulating
cellular activity. Each eucaryotic cell contains double-stranded DNA in its nucleus which has
only 5 - 8 um in diameter, yet double-stranded DNA is about 2 m in length. (30) To tuck this
very long DNA in the nucleus, the specialized protein called the histone octamer and
histone-like protein (H1) is responsible for DNA packaging, which organizes the DNA into
several coil and loop formations and avoids it from becoming unruly creases. (19, 30)

Because double-stranded DNA and histone proteins are differently charged, DNA
packaging occurs. The negatively charged phosphate in DNA's backbone allows DNA to bind
to and interact with the positively charged histone octamer. When DNA is folded, the H1
protein tightly holds them together and forms the nucleosome structure. (30) The histone
octamer is composed of two molecules of each H2A, H2B, H3, and H4 protein, and each
histone protein, except H1, contains histone tails (called N-terminal tails) that protrude from
its core and provide approximately 30 amino acid residues that are essential for nucleosome
interaction. (17, 19, 30)

Double-stranded DNA in the compact structure of the nucleosome prevents DNA
from interacting with other enzymes and proteins which generate the cellular genetic activity
including DNA replication, DNA repair, and transcriptional activity. Therefore, N-terminal tails
play a role as signaling mediator to manipulate the accessibility of DNA strands which are in
nucleosome form. Through the modification of N-terminal tails such as acetylation,

methylation, phosphorylation, ubiquitination, glycosylation, and ADP-ribosylation. (19) These



lead to the opening and closing of the nucleosome. The relaxation of nucleosome structure
by histone modification facilitates the accessibility for the transcriptional machinery to bind
with DNA strand and leads to the upregulation of gene expression. In contrast, nucleosome
compaction inhibits the binding of transcriptional machinery by DNA strands, resulting in a
decrease in gene expression. Therefore, this event may regulate the change of gene
expression. (19, 30, 31)

Epigenetic is interpreted as the event of the alternation of gene expression through
modifying the nucleosome structure and DNA strand accessibility, without changing the DNA
sequences, and histone modification is one of the ways to this event. Another mechanisms
involved in regulating the accessibility and alternation of nucleosome structure is DNA
methylation, the presence of non-coding microRNAs and chromatin remodeling which act
as the switch in gene expression. (20, 30) As a result, epigenetic influences cell fate
commitment and differentiation by activating and repressing gene expression involved in
cell lineage decision-making as described in Waddington's Landscape. (17, 30, 32, 33) The
Prevoius study (34) demonstrated the involvement of epigenetic change in inducing
mesenchymal stem cells (MSCs) differentiation into chondrocyte lineage through the
increase of chondrogenesis-related gene markers and the decrease of MSC gene markers.

Environmental factors such as stress, lifestyle, smoking, microbial infection, and
disease stage can also trigger epigenetic events. (17, 32) In normal situations, this event
occurs throughout life in balance to organize the gene transcription needed for cell
development, differentiation, and maintenance. (17, 20) However, it can turn to devastating

effects in response to pathological conditions and lead to inflammation and oncogenesis.



(17, 30) According to a review by Lavu et al. (35), epigenetic may contribute to the
pathogenesis of periodontal disease through DNA methylation in cytokine genes and may
be modulated by the presence of bacteria in gingival epithelia. This issue may indicate that
epigenetic changes can also be influenced by therapeutic agents.

Recent advances in therapeutic strategy, several inhibitor enzymes are available with
United States Food and Drug Administration (FDA) approval such as suberoylanilide
hydroxamic acid (SAHA) and romidepsin inhibiting histone deacetylation and 5-azacytidine
targeting DNA methylation and these have been used as anticancer drugs in clinical

application. (20, 23)

3.1 Epigenetic and Histone Acetylation

Epigenetic is the event referring to the alternation of nucleosome structure which results
in activating and repressing gene expression without changing the DNA sequences. As
mentioned above, the alternation of nucleosome structure can be modulated by various
post-translational histone modification to N-terminal tails including acetylation, methylation,
ubiquitination, phosphorylation, and poly (ADP)-ribosylation. Histone modification by
acetylation is one of the most clearly understood mechanisms in transcriptional regulation
which involves two enzymes such as histone acetyl transferases (HATs) and histone
deacetylases (HDACs) controlling histone acetylation and deacetylation, respectively. (19, 20,

23)



3.1.1 Histone Acetyltransferases (HATs)

Histone acetyl transferases (HATs) are able to transfer the acetyl group from
acetyl coenzyme A (17) to lysine residues of N-terminal tails of H3 and H4. (15, 31) This
action switches the positively charged of histone core into the negatively charged, which
leads to the relaxation of DNA strands and mediates the activation of transcriptional
activity. Hence, HATs act as transcriptional co-activator (36) and relate to the increase
of gene expression by allowing the binding of transcriptional machinery proteins (such
as RNA polymerase I, proteins which are associated and giving positive and negative
effects on transcriptional activity) to the promoter area of target genes. (15, 23, 25, 37)
Several HATs have been discovered, such as PCAF, p300/CREB-binding protein, GCN5,
TAFII250, ACTR, and SRC-1. (19, 23) Among them, p300/CREB-binding protein and
PCAF/GCN5 are the most studied HATs during tissue development.

The involvement of p300 and PCAF has been observed in mediating the activated
TGF—B pathway. TGF—B plays an important role in growth arrest of normal and cancer
cells. (27) In vivo experiment, TGF-Bl lisand promotes the maturation stage of enamel
development and induces odontoblast differentiation and dentin mineralization. (38)
To initiate the TGF—B pathway, two receptors, TGF—B type | (TBRI) and type |l (TBRII)
receptors embedded in the cell surface were involved in the binding of TGF—B ligand.
In brief, lisgand binding to receptors activates the TGF- pathway, which then recruits and
collaborates with the Smad pathway to promote cell growth arrest and cell
differentiation (14) by translocating these complexes into the nucleus. Recently, the

interaction of HDAC1 and p300 in the promoter area of TBRII regulates its expression.



Deacetylation of H3 and H4 in the TBRII promoter down-regulates its transcription,
resulting in TGF—BRII repression. Whereas, acetylation in TGF—BRII promoter through the
p300 and PCAF cooperation could induce the increase of its transcription and modulate
the TGF-B pathway. (27)

p300 plays an important role in regulating gene expression, which controls several
cellular activities, including cell fate decision and differentiation in human dental pulp
cells (HDPCs). In vitro experiment, p300 maintains the pluripotency of HDPCs by up-
regulating the transcriptional activity of NANOG and SOX2, the pluripotency gene marker
when HDPCs were seeded in the non-inductive medium. The expression of
odontoblastic marker genes such as DMP-1, DSPP, OPN, and OCN was reduced by p300
over-expression. In contrast, when HDPCs were seeded in inductive medium, the
expression of odontoblast marker genes was significantly increased in mRNA and protein
level. p300 was recruited to enhance the acetylation of lysine 9 residue of H3 (H3K9AC)
in the promoter area of DSPP and OC genes, resulting in the transcription of those genes.
The high level of ALP activity has been seen on p300-overexpressed HDPCs cultured in
inductive medium. Corresponding to this result, the over-expressed p300 elevates the
formation of mineralized nodules, indicating that p300 can enhance odontoblast
differentiation and mediate the secretion of dentin extracellular matrix, inducing dentin

formation. (39)



3.1.2 Histone Deacetylases (HDACs)

While HATs induce more ‘open’ nucleosome structure associated with gene
activation, histone deacetylases (HDACs) are associated with gene repressor. (19) It
removes the acetyl group from lysine residues of N-terminal tails and generates the
tightly condensation of nucleosome structure. Deacetylation inhibits the binding of
transcriptional machinery proteins to DNA strands and leads to the repression of gene
expression. (22, 31) In humans, there are eighteen members of HDACs divided into four
classes depending on their structural similarities and two families, depending on their
dependency, Zn?" and NAD+-dependent. (31, 40) Class | (such as HDACT, 2, 3, and 8),
class IIA (such as HDACA4, 5, 7, and 9), class IIB (such as HDAC6 and 10) and class IV
HDACs (such as HDAC11) are included on the the Zn?*-dependent subfamily which can
be inhibited by HDAC inhibitors (HDACis) composed of zinc binding structure such as
Trichostatin A (TSA) and vorinostat [suberoylanilide hydroxamic acid (SAHA)]. Class Il
HDACs, on the other hand, such as sirtuins, are NAD+-dependent HDACs that require
the coenzyme nicotinamide adenine dinucleotide (NAD+) for function and are not
affected by HDACis. (20, 41)

Different expression levels of several members of class | HDAC (such as HDACI,
2, and 3) and class Il HDAC (such as HDAC4, 5, and 9) have been seen in dental pulp
tissue. In the extracted third molar teeth, HDAC2 and 9 were strongly expressed within
mature odontoblast nuclei. HDAC1 and 3 were weakly expressed in the cell bodies of
mature odontoblasts. Whereas HDAC4 was moderately expressed in some odontoblast

and dental pulp. (24)
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Furthermore, the involvement of histone modification via HDAC3 and p300 has
been demonstrated during odontoblast differentiation in mice dental pulp cells
(MDPCs). Both were recruited by KFL4 transcription factors, resulting in different effects
on cell fate decision of odontoblasts. The recruitment of HDAC3 to KFL4 is associated
with the repression of the target gene's expression. In contrast, the interaction between
HDAC3 and KFL4 was significantly decreased in mDPCs during odontoblastic induction.
While the recruitment of p300 to KFL4 in the DMP1 promoter area occurred, this
mechanism promoted the odontoblast differentiation. (42) The balance of HATs and
HDACs expression regulates the alternation of nucleosome structure and the
transcription process and arranges several cellular activities including cell cycle, DNA
repair, hormone signaling, and cell fate decision.(15, 39, 40) Whereas the imbalance
between HATs and HDACs expression is associated with several diseases, metabolic

disorders, and cancer. (15, 23)

3.2 HDAC Inhibitors (HDACis)

HDAC inhibitors (HDACis), the epigenetics-modifying agents (41), change the balance
between HATs and HDACs to more acetylase lysine residue by blocking the active site of
HDACs and resulting in the gene activation through facilitated the binding of transcriptional
machinery proteins to target gene. (26, 31) The increased gene expression affects several
cellular activities such as inhibiting cell proliferation, inducing cell death (43), enhancing cell

differentiation, and controlling cell fate decision. (26, 40) HDACis are now used in cancer
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treatment due to their ability to reduce inflammation (40) and angiogenesis, reactivate the
silenced tumor suppressor gene, up-regulate the DNA repair gene, and modulate immune
response. (23, 25, 40)

HDACis have been categorized into five groups depending on their chemical
structure, such as hydroxamic acids (hydroxamates), short chain fatty (aliphatic) acids,
benzamides, cyclic tetrapeptides, and sirtuin inhibitors. (23) Trichostatin A (TSA) has been
discovered as the first natural hydroxamate for inhibiting HDAC activity. Suberoylanilide
hydroxamic acid (SAHA or vorinostat), another member of hydroxamates, has a similar
structure to TSA and is the first HDACis which has been approved by the United States Food
and Drug Administration (FDA) to treat Cutaneous T-Cell Lymphoma (CTCL). (20, 23, 25) Up
to date, Depsipeptide from the cyclic tetrapeptides group and Belinostat from the
hydroxamates group, have been approved by FDA for the treatment of CTCL and PTCL
(Peripheral T-Cell Lymphoma), respectively. (40, 44)

Several HDACis exhibited inhibitory effects on specific HDACs. For instance,
hydroxamate groups including TSA and SAHA are able to inhibit Class | and Il HDACs. TSA can
perform an inhibitory effect at low concentration (nmol/L). While, SAHA inhibits HDACs in
the concentration of umol/L. Depsipeptide is a member of a natural cyclic peptide product
which selectively inhibits HDAC1 and 2 in the low concentration (nmol/L). The inhibitory
effect on Class | and IIA HDACs was also performed by aliphatic acids at mmol/L
concentration. Whereas, MS-275 (Entinostat) and MGCD0103 (Mocetinostat) are members of
the Benzamides group which is a selective inhibitor for HDAC 1, 2, 3 and Class | and IV HDACs

at the concentration of umol/L, respectively. (23, 35, 40)
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A zinc-dependent HDACs have a catalytic pocket containing a zinc-binding site, a
long hydrophobic channel, and an internal cavity adjacent to the pocket. (32) In contrast,
the structure of HDAC is made up of three parts: a functional zinc-binding group, a cap or
enzyme binding group with an aromatic structure, and a linker or spacer group containing a
hydrophobic compound that connects the cap and the zinc-binding group. (32, 41, 44)

To inhibit deacetylation, HDACi binds to the catalytic pocket of HDACs by inserting their
linker. Once in the position, the functional zinc-binding group interacts with zinc ion at the
active site of HDACs and prevents deacetylation. The cap allows the HDACis to attach to the
HDACs. Subsequently, it blocks and interacts with the amino acid residue at the entrance of
the N-acetylated lysine binding channel of HDACs. HDACis accumulate the acetylation on
histone protein via removing the zinc ion with its hydroxy group at the active site of HDACs,
which leads to dysfunctional the charge-relay system. (25, 31, 32, 41, 42) Among all HDACis
members, TSA and SAHA are the most studied HDACi in the field of dentinogenesis-induction

(shown at Table I).

Table 1. The stimulatory effect of HDAC inhibitors in inducing dentinogenesis.

HDAC Cell Type Up-regulation Down-regulation Refference
Inhibitors
TSA Human - p300 - HDAC1 Huang et al
pancreatic - TPBRIl gene expression 2004
cancer cell
lines BxPC-3,
PANC-1,
CFPAC-1, and
MIA PaCa-2
MDPC-23 - Cell proliferation and | = p53 Duncan et al
cell viability 2012
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p21, DMP-1 expression
Mineralized nodules

formation

DPCs of
extracted
rodent

incissors

Cell proliferation and
cell viability

p21 expression
Mineralized  nodules
formation

DSPP, BMP-2, and BMP-

4 expression

Duncan et al

2012

hDPCs

Cell proliferation
ALPase activity
Mineralized  nodules
formation

The  expression  of
odontogenic gene
marker:

® NFI-C

® DSPP

® DMP-1

Others gene:

phospho-Smad2/3

Smad4d
® RSP

Osteocalcin (OC)

- HDAC3

Jinetal. 2013

hDPSCs

H3 and H4 acetylation
Cell number

Cell migration

p21 expression
Chemokines
molecules:

® (CXCR4

® FGF2

Luo et al. 2017
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® MCP-1

® SDF-1)
Adhesion molecules:
® FN

® |CAM-1

® \CAM-1

Integrin Bl

mDPCs

Transcription ability of
KLF4

Trancription of Dmp!
and Sp7 gene

- HDAC3

Huangheng et
al. 2019

SAHA

MDPCs, OD-
11

Matrix mineralization
Odontoblast
differentiation gene
marker (in MRNA

level):

® NFI-C (in mRNA and

protein level)
® DSPP
® DMP-1
® ALP

® Nestin

Kwon et al

2012

DPCs of
extracted
rodent

incissors

Matrix mineralization
MMP-9

MMP-13
Mineralization gene:
® Nestin

® BSP

® BMP-4

® Adrenomedullin

Cell migration

Duncan et al

2016

LMK-235

hDPCs

ALPase activity

Liu et al. 2017
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Odontoblast
differentiation gene
marker (in MRNA
level):

® ALP

® RUNX2

® DSPP
Mineralized nodules

formation

VPA

MDPC-23

Cell proliferation and
cell viability

DMP-1 expression
BMP-4 expression
TGF-B1

Mineralized nodules

formation

p53

Duncan et al

2012

DPCs of
extracted
rodent

incissors

Cell proliferation and
cell viability

p21 expression
Mineralized nodules
formation

The expression of
odontoblast
differentiation gene

marker:

® NFI-C
® DSPP
® DMP-1
® BMP-2
® BMP-4

® Nestin

Duncan et al

2012

hDPSCs

H3 and H4 acetylation

Cell number

Luo et al. 2017
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- Cell migration
- p21 expression
- Chemokines

molecules:

® CXCR4

® FGF2

® MCP-1

® SDF-1)

- Adhesion molecules:

® N

® [CAM-1

® \/CAM-1

® Integrin [31

3.3 Tooth Development

The tooth begins at the embryonic stage and continues at the postnatal stage, even
after the tooth erupts in the oral cavity. (45, 46) The rigid dentin builds up the tooth, together
with other tissues such as enamel and cementum, and acts as a protective barrier to
maintain dental pulp tissue vitality which resides in the pulp chamber. (47) Briefly, the
matured odontoblast cells initiate dentin formation by producing and secreting dentin
extracellular matrix such as type | collagen (the main scaffold for dentin tissue during mineral
deposition) and several non-collagenous proteins including dentin sialoprotein (DSP), dentin
phosphoprotein (DPP), dentin matrix protein 1 (DMP1), osteocalcin (OC), bone sialoprotein
(BSP), and osteopontin (OPN), as well as, by generating mineralization. (14, 16, 45, 48)

Uniquely, tooth mineralization begins in embryonic life then continues throughout life. (48)
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During embryonic life, a series of signaling interactions occurs between epithelial
cells and neural crest-derived mesenchymal cells to initiate tooth development. Epithelial
cell proliferation begins at the site of the future tooth on embryonic day 10-11 and promotes
subsequent epithelial thickening. The thickened epithelial penetrates beneath the
mesenchymal, forming an epithelial bud surrounded by condensing mesenchyme. At this
stage, signals move back and forth from epithelial to mesenchymal cells, passing through
the basal membrane. This process regulates cytodifferentiation of amelogenesis and
odontogenesis. (46) Sonic hedgehog (Shh) and Wnt signaling and growth factors such as FGF
and BMPs induce the expression of specific transcription factors to promote the expression
of other growth factors and specific molecules, and generate further tooth development.
(45)

Cross-talk signaling also takes control to regulate tooth morphology formation in the
late stage of bell stage. The terminal differentiation occurs in the inner enamel epithelium
(IEE) and mesenchymal cells at the periphery layer of the dental papilla. After IEE
differentiation into ameloblast cells, mesenchymal cells differentiate into odontoblast cells.
A signal, sent by the cuboidal pre-ameloblast to the cuboidal pre-odontoblast cells, induces
mesenchyme mitosis. Then, the daughter cells migrate toward the basal membrane and
differentiate into odontoblast cells described by the elongation of the cell body, cytological
polarization, and formation of a single cellular process. (48) Meanwhile, the parent cells
maintain their stemness and contribute to the tooth repair system when the tooth is injured.
(45, 48) The matured odontoblast cells are able to produce and secrete dentin extracellular

matrix to undergo mineralization in the primary dentin formation. (2, 48) After root formation
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is complete and the tooth has erupted and functioned, dentin formation continues
physiologically to form the secondary dentin. Furthermore, tertiary dentin formation occurs
as a result of external stimuli such as dental caries, tooth ware, and dental restoratives used.

(2, 45, 46, 48)

3.3.1 Reparative Dentin Formation

In response to mild dental cavity, the survived odontoblast cells can stimulate
dentin extracellular matrix production to generate new dentin tissue formation, called
as the reactionary dentin. Reactionary dentin displays tubular structure with anatomical
and biological similarities to primary dentin. The more severe dental cavity may cause
odontoblast death and necessitates the application of dental pulp-capping material to
the damaged dentin. In this part, signaling molecules contained in the material stimulate
dental pulp cells to differentiate into odontoblast-like cells and promote new dentin
tissue formation, called the reparative dentin. However, the quality of reparative dentin
formation is influenced by the molecule itself. The discontinuities and absence of
tubular structure in reparative dentin can reduce dentin permeability and does not

provide long-term protection of dental pulp tissue vitality from further infection. (2, 16)

3.3.2  The Involvement of pulp-capping material during reparative dentin formation

Depending on signaling molecule contained in the pulp-capping material,
reparative dentin may be displayed in various structures such as fibrodentin,

osteodentin, and tubular mineralized matrix. (16) Fibrodentin is characterized by an
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atubular structure formed by cuboidal or spindle-shape pulp cells during reparative
dentin formation. Occasionally, the cells are entrapped within reparative dentin and
resemble a bone-like structure, called an osteodentin structure. Tubular mineralized
matrix formation is induced by odontoblast-like cells through elongated and polarized
odontoblast at the peripheral of pulp exposure-site and provides adequate protection
and hermetic seal for pulp tissue from bacterial invasion or external stimuli in the long-
term.(2, 3, 16, 49)

Previously, Ca(OH), (4-8), mineral trioxide aggregate (MTA) (3, 9-12), hydrogel (6),
composite resin (CR) (7), and resin-modified glass ionomer (RMGI) (7) used as pulp-
capping material has induced fibrodentin and osteodentin structure, and promoted
tunnel defect in reparative dentin. (Table I) Tunnel defect refers to a discontinuities in
dentin bridge structure and allows bacteria to invade pulp tissue which associate with

treatment failure. (3-8, 49)

Table 2. The effect of direct pulp-capping material in reparative dentin formation.

The Author Model Direct Pulp Result

Organism Capping Material

Cox et al. 235 teeth of | Ca(OH), - Tunnel defect in dentin bridges
1996 adult - Recurring pulp inflammation
monkeys - Associated with the presence of

inflammatory cells and  stained

bacterial profile

Faraco and 30 teeth of Ca(OH), and MTA | Ca(OH), group:

Holland. dogs - A complete dentin bridges with

2006 tubular  type and no  pulp

inflammation in only 3 teeth
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MTA group:

12 of 15 teeth exhibited a chronic
inflammation and a microabscess in
the coronary pulp in 4 specimens

Particels of capping material were
dispersed in the tissue or inside the

macrophage cytoplasm

A complete dentin bridges with
tubular type was seen in all teeth

8 of 15 teeth exhibited a small
necrotic pulp tissue
The odontoblastic layers line the
underlying dental pulp

No micro-organism and inflammatory

infiltrate appearance

Murray et al.
2006

135 teeth of
adult

monkeys

Ca(OH),,
Composite Resin
(CR), Resin
Modified Glass
lonomer (RMGI)

Tunnel defect (82% with Ca(OH),, 42%
with RMGI, 0% with CR)

Operative debris (77% with Ca(OH),,
57% with RMGI, 29% with CR)

Pulp inflammation (68% with Ca(OH),,
22% with RMGI, 26% with CR)
Bacterial leakage (50% with Ca(OH),,
19% with RMGI, 20% with CR)

Hwang et al.

2008

Fisrt maxillary
molar of male
Sprague-

Dawley rats

MTA

Showed irregular and atubular form
within reparative dentin, compared
with untreated group

The entrapped odontoblast cells
within reparative dentin were strongly
expressed BSP in protein and mRNA
level

TBRI and Smad2/3 protein were
both untreated and

detected in

treated group
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In  treated TGF-B1  was

group,
significantly increased BSP mRNA but

has little effect on DSPP mRNA

Kyung-San et

20 extracted

MTA and Dycal

Induced reparative dentin formation in

al. 2008 human third all teeth samples of MTA group but
molars only in 6 of 10 samples of Dycal group
- MTA group showed thicker reparative
dentin than Dycal group
- Induced the expression of DSP and
HO-1  in  the newly formed
odontoblast-like cells and pulp
fibroblast
Khalil et al. 36 first MM-MTA and Induced a complete reparative dentin
2013 maxillary first | ProRoot MTA except in one tooth sample of MM-MTA
molars of and two samples of ProRoot MTA
Wistar rats
Njeh et al. 48 first Dycal and Dycal group:
2016 maxillary Hydrogel - Increased the number of aggregated
molars of pulp cells

male Sprague-

Dawley rats

Caused a moderate inflammatory
reaction to pulp tissue and resulted a
necrotic pulp adject to reparative
dentin

Induced reparative dentin formation
except in mesial and distal area of the
pulp hom
Exhibited tunnel defect persisting
across reparative osteodentin

The thickness of reparative dentin

varied between 100 and 200 pm

Hydrogel group:

Induced the formation of complete
reparative dentin except mesial area

of the pulp horn
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Hydrogel group:

Caused a mild inflammatory reaction

to  pulp tissue and resulted
calcospheritic structure
The thickness of reparative dentin

varied between 50 and 150 pm

Both group:

Showed the presence of chondrocyte-

like cells
Nowicka et 28 third Ca(OH), (CH)and | = 2 patient in CH group complained a
al. 2016 molars from Single Bond spontaneous minor pain and 1 patient
17 humans Universal (SBU) complained a moderate pain
- Both group showed porosities and
tunnel defect
- Fibrodentin and osteodentin were
visible in SBU group with the absence
of new odontoblast layer
- Odontoblast and dontoblast-like cells
were visible in CH group
- Both group exhibited a chronic
infalmmation
Cai et al. hDPCs ProRoot MTA, - Enhanced the cell number except
2017 Portland Cement Dycal group in both condition

(PQ), Dycal under
the presence and
absence of
bacterial

exposure

Stimulated tubular structure in the
mineralized matrix

The expression of odontoblast

differentiation genes varied depending

on the material and bacterial exposure

®  The absence of bacterial exposure

O DSPP and OCN was expressed in

PC and MTA group at day 1 but

only OCN was disappeared at

day 14
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O ALP expression was inhibited in
all treated group at day 1 and
14

®  The presence of bacterial exposure

O DSPP was expressed in PC and
Dycal group

O OCN was inhibited in all treated
group

O ALP expression was expressed

only at day 1 in PC and MTA
group

Rodrigues et

al. 2017

hDPCs

White MTA
Angelus and MTA
Plus

Both MTA had o cytotoxic effect to
cell viability

hDPCs strongly expressed osteogenic
gene markers including BMP-2 and OC
under treatment of both MTA but not
ALP expression

Both MTA  showed lower ALPase
activity than control

Only MTA Angelus showed higher

percentage of mineralized area

In response to damaged dentin, the dental pulp cells can differentiate into

odontoblast-like cells and form reparative dentin to replace the damaged area at the site

of pulp exposure. This potency indicates that dental pulp contains odontogenic progenitor

or stem cells which are involved in reparative dentin formation. Previously, dental pulp cells

obtained from the third molar have demonstrated odontoblast-like differentiation which

promotes reparative dentin formation when it is transplanted into immunocompromised

mice. (43) Under appropriate conditions, dental pulp stem cells, indeed, can differentiate

into multiple cell lineages including ectodermal lineages (such as cementoblast,
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odontoblast, melanocyte, neural cell), endodermal lineages (such as hepatocytes), and
mesodermal lineage (such as adipocyte, myoblast, chondrocyte, osteoblast, endothelial
cell). (2, 15)

The tooth repair system also requires dental pulp cell migration and differentiation
into odontoblast lineages. However, this process involves different processes with tooth
development in the embryonic stage controlled by the crosstalk signaling between oral
epithelium and mesenchyme and mediated by the basal membrane. Whereas, during tooth

repair, odontoblast differentiation occurs in the absence of oral epithelium. (14, 16, 45, 50)

34 Hierarchy of odontogenic-marker genes associated with Nfic-K{f4-Dmp1-Dspp

cascades

NFI-C, the member of the nuclear factor | (NFI) family (51), is found in odontoblast
and pre-odontoblast during tooth development and considered as transcription factors. In
the prenatal stage during the tooth bud development, the NFI-C gene has been strongly
expressed in the mesenchymal cells of the dental papilla. Subsequently, at the beginning
of root tooth formation, NFI-C gene expression has been found in either oral epithelial or
mesenchymal cells of the tooth, including ameloblast and odontoblast. During root tooth
formation, at the postnatal stage, the NFI-C gene has been strongly expressed within
odontoblast and pre-odontoblast of the molar of mice and periodontal ligament and
developing bone. (52)

Previous studies (51, 53) have reported that NFI-C involvement occurred during

odontoblast differentiation and dentin formation. NFI-C deficiency in mice resulted in
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decreased bone density and tooth deformities such as molar root agenesis and thin and
brittle dentin formation of mandibular and maxillary incisors. (52, 53) The NFI-C
overexpression is linked with the up-regulation of other odontoblast gene markers such as
KFL4, DMP-1, and DSPP mediating the secretion and mineralization of dentin extracellular
matrix to form reparative dentin. (51)

It has been suggested that the odontoblast differentiation and dentin formation
might be controlled by Nfic-Klf4-Dmp1-Dspp cascades. NFI-C protein is recruited to activate
the transcription and KLF4 gene expression via direct binding to the KLF4 promoter area.
Subsequently, KLF4 gene expression induces odontoblast differentiation through the up-
regulation of DMP1 gene expression by binding to the DMP1 promoter area. DSPP gene
expression subsequently is induced to promote the dentin extracelular matrix secretion.
Therefore, NFI-C is considered to take control of the initiation of odontoblast differentiation
and dentin extracellular matrix production. (42, 51, 54)

The expression of KLF4, DMP1, and DSP protein was significantly decreased in NFI-C-
deficient odontoblast compared with wild type odontoblast. In contrast, the NFI-C and KLF4
gene overexpression induced mineralization in MDPC-23 odontoblast cells by up-regulating
DSPP gene expression. In the absence of the NFI-C gene, DSPP gene expression is activated
by KLF4. In contrast, DSPP gene expression was significantly decreased in KLF4-deficient cells.
This finding corresponds to another result that NFI-C could not induce DSPP gene
transcription in the absence of KLF4 gene, indicating that NFI-C cooperates with KLF4 to

regulate the expression of DMP1 and DSPP gene in odontoblast. (51)
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Kwon et al. (26), on the other hand, proposed that NFI-C protein was directly
recruited to the DSPP promoter area, resulting in increased DSPP gene expression in MDPC23
cells. The NFI-C gene knockdown by siRNA reduced NFI-C mRNA level and caused the
decrease of odontogenic marker gene expression such as DSPP, DMP1, and Nestin.

Odontoblast maturation is required to promote the dentin extracellular matrix
production and secretion such as the collagenous and non-collagenous protein and induce
mineralization. Among all non-collagenous proteins, dentin matrix protein (DMP) 1, dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP) are commonly expressed during dentin
formation. DSP was involved in initiating dentin mineralization while DPP was involved in the
maturation of dentin formation. DMP-1 induces mineral deposition along with the collagen
fibrin. (14, 55)

DSP and DPP are encoded by a single gene called dentin sialophosphoprotein (DSPP).
Mutation in the DSPP gene exhibited dentinogenesis imperfecta and dentin displasia
phenotype. The severe tooth defect caused by enlarged predentin, as well as, thin dentin
layer and dentin hypomineralization was found in DSPP-defieceint mice. DSPP- and DMP1-
deficient mice also exhibited a similar phenotype including the enlargement of pulp
chamber, the failure maturation in predentin and dentin, and the dentin

hypomineralization.(55-57)
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HDACis (TSA and SAHA) involvement in odontoblast differentiation

3.5.1 Trichostatin A (TSA)

Jin et al. (28) has reported that TSA induced cell proliferation in hDPCs culture
and enhanced ALP activity and mineralization in a dose-dependent manner, indicating
that TSA promoted hDPCs differentiation into odontoblast cells. It was confirmed by
the increased expression of odontogenic marker genes such as NFI-C, DSPP, and DMP-
1. The increased phospho-Smad2/3, Smad 4, Bone sialoproptein (BSP) and Osteocalcin
(OC) expression were also observed in TSA treatment. In addition, TSA is also able to
inhibit HDAC3 activity and trigger cell differentiation. Corresponding to these results,
other studies (58, 59) have reported that TSA enhanced the expression of transcriptional
factors, p21, which leads to cell growth arrest and induces cell differentiation via
generating the transcription of the target gene. The mineralization was significantly
increased by TSA in dose and time-dependent manners. In addition, the fluctuating
expression of osteopontin, DMP-1, DSPP, BMP-2, BMP-4 and Nestin has been seen during
TSA treatment.

Furthermore, TSA has shown the increase of dental pulp tissue repair in
response to the damaged dentin. Low concentration of TSA (2 and 20 nM/L) elevated
the expression of chemokines and adhesion molecules, leading to the enhancement of
cell proliferation, cell migration, and cell adhesion activity. This stimulatory effect is
essential to generating reparative dentin. The damaged dentin stimulates dental pulp
cell proliferation, as well as cell migration and attachment to replace the injured

odontoblast. (22)
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Huang et al. (27) has reported that the expression and activity of HDAC1 and
p300/PCAF take control in regulating the TGF—ﬁ pathway through the transcriptional
activation of TBRII. TSA treatment in dose dependent-manner led to the increase of
TBRII transcriptional activity through decreasing HDAC1 binding and increasing the
recruitment of transcriptional co-activator such as p300 and PCAF in the TBRII promoter
area. TSA also enhanced KFL4 activity in the DMP1 gene promoter area via inhibiting
HDAC3 activity and subsequently recruiting p300 transcriptional co-activator to
cooperate with KFL4, generating the increase in transcription activity of the DMP1 gene.
(42) Those results showed that TSA could inhibit HDACs activity and enhance acetylation
in the promoter area of the target gene by recruiting HATs as a transcriptional co-

activator to promote the transcription process.

3.5.2  Suberoylanilide hydroxamic acid (SAHA)

SAHA stimulates the mineralization of dentin extracellular matrix in MDPC23
odontoblast-like cell line via enhancing odontoblast differentiation. SAHA enhances NFI-
C gene transcription resulting in the over-expression of NFI-C protein. The NFI-C protein
directly binds to the DSPP gene in its promoter area to initiate the up-regulation of
other odontogenic marker genes including DMP-1 and Nestin, which are essential for
stimulating the production of dentin extracellular matrix. NFI-C gene knockdown by
siRNA inhibits SAHA to stimulate the over-expression of DSPP gene, indicating that SAHA
cooperates with NFI-C transcriptional co-activator to promote DSPP gene expression.

(26)
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Duncan et al. (41) has suggested that SAHA induced the increased MMP-13
expression, a member of the matrix metalloproteinases (MMPs) family, through HDAC4
inhibition. MMP-13, dose dependently, was involved during reparative dentin formation

through enhanced cell migration and matrix mineralization.
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MATERIALS AND METHODS

4.1 Human Dental Pulp Tissue Preparation

Right after extraction, four healthy third molars collected from four patients (18-25
years of age) at Department of Oral Surgery, Faculty of Dentistry, Chulalongkorn University
under procedures and informed consent approved by The Human Research Ethics
Committee from Faculty of Dentistry, Chulalongkormn University (HREC-DCU 2020-013) were
rinsed with sterile saline solution then, soaked in the growth (non-induction) medium
(Dulbecco’s Modified Eagle Medium (DMEM; #11960, Gibco® Life Technologies)
supplemented with 10% FBS, 100 units/mL penicillin, 100 mg/mL streptomycin, 2 mM L-
glutamine, 5 mg/mL amphotericin B). Teeth were transferred into the laboratory at Ne then,
cleaned with sterile phosphate buffered saline (PBS) under the sterile condition. Each tooth
was held by dental forceps and a scalpel blade was used for cleaning off periodontal
ligament on the root surface.

Dental pulp tissue was gently separated from tooth fragments after opening the
crown with a hammer. It was rinsed with sterile PBS for debridement and prevention of
contamination, and cut off into small pieces (approximately 1-2 mm fragment). Human

dental pulp cells (hDPCs) were further isolated with an outgrowth method.

4.2 Human Dental Pulp Cells Isolation

Each piece of dental pulp tissue was washed with sterile PBS, twice, then placed

into a 25 mm culture dish containing 1 mL of growth medium to support dental pulp tissue
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and cell attachment. Those culture dishes were incubated at 37°C with 5% CO, with
periodically medium changes every 2-3 days. hDPCs at 3rd-6th passage and 80% confluent

were used for this present study.

4.3 HDACis Preparation

Master stocks 5mM Trichostatin A (TSA; #58880, Sigma — Aldrich) and Suberoylanilide
Hydroxamic Acid (SAHA; #149647, Sigma — Aldrich) in dimethyl sulfoxide (DMSO; #D2650,
Sigma® Life Science) were diluted in PBS before further dilution to experimental
concentration in culture medium (50 nM, 200 nM, 400 nM, and 800 nM TSA and 0.5 uM, 1

UM, 3 uM, 5 uM, and 10 uM SAHA).

4.4 Cell Viability Assay

Cell viability of hDPCS was measured with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT; #M6494, Invitrogen, USA) assay. hDPCs were seeded at the
density of 2 x 10% cells/cm? in 96-well plates containing growth medium for 24 hours, at
37°C. Cells were incubated in serum-free medium for a further 4 hours at 37 C before being
exposed with various HDACis concentrations (50 nM, 200 nM, 400 nM, and 800 nM TSA; 0.5
UM, 1 uM, 3 uM, 5 uM, and 10 uM SAHA) supplemented in osteogenic (mineralized induction)
medium (DMEM 10% supplemented with 50 pg/mlL ascorbic acid, 5 mM B—
Glycerophosphate, and 250 uM dexamethasone). Whereas control groups were treated with

growth medium and osteogenic medium without HDACis.
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MTT powder was diluted in serum-free DMEM without phenol red until it reached
the concentration of 0.5 mg/mL. At experimental day-3 (72 hours), all medium was removed,
and cells were rinsed with PBS, once. 100 uL MTT solution was added to each well, then
incubated at 37°C for 30 minutes. After completely removing the MTT solution, the existing
formazan crystal was dissolved by adding 100 pL of the glycine buffer/DMSO solution in a
ratio of 1:9. The orbital shaker was used to dissolve the formazan crystal, completely, for 5
minutes. The absorbance was read at 570 nm within an hour using a Spectrophotometer

and the values were expressed as optical density (OD).

4.5 Mineralization Assay

hDPCs were seeded at the density of 5 x 10* cells/cm? in 24-well plates containing
growth medium at 37°C. After 24 hours (experimental day-0), cells were washed with sterile
PBS and exposed with HDACis-supplemented osteogenic medium in various HDACis
concentrations (50 nM, 200 nM, and 400 nM TSA; 0.5 uM and 1 uM SAHA) for a further 21
days. The control groups were treated with growth and osteogenic medium without HDACis.
The medium was changed every 2-3 days.

On experimental day-14 and -21, the mineralized nodule formation was examined
by staining with Alizarin Red. Cells were washed with ice-cold PBS, twice, then fixed with ice-
cold methanol for 10 minutes at room temperature (RT). After completely removing
methanol, the fixed cells were rinsed with deionized water, twice, and subsequently stained
by adding 300 L of 1% alizarin red solution to cover the cellular monolayer. Five minutes

after staining at RT, the mineralized nodule formation was observed under an inverted
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microscope (Nikon Eclipse TS100, Nikon Instruments Inc., Melville, NY) and quantified with

Image) Software version 1.51.

4.6 Scratch Wound Healing Assay

Cell migration of hDPCs was evaluated by scratch wound healing assay. hDPCs at the
density of 5 x 10* cells/cm? were seeded into 24-well plates and incubated in the general
medium at 37°C for 24 hours. After 4 hours of serum starvation (counted as experimental
day 0), a scratch wound was made through the confluent layer of cells using a 200 ML
pipette tip in the middle of each well plate. Then, cells were washed with serum-free
medium, twice, to remove cell debris. hDPCs in the experimental group were incubated with
serum-free medium supplemented with 400 nM TSA and 1 pM SAHA for a further 72 hours.
Whereas the control group was treated with serum-free medium without HDACis.

Using an inverted microscope, photomicrographs of the scratch were taken at 0, 24,
48 and 72 hours after the scratch wounding. The scratch-wound closure rate was determined
using ImageJ Software version 1.51. The distance between cells that have migrated into the
wounded area and their respective starting points, were determined. The distance of wound
closure at 24, 48, and 72 hours post-scratch wounding were quantified and compared with

the control group.

4.7 RNA Extraction

hDPCs at the density of 5 x 10 cells/cm? were seeded in 6-well plates containing

the growth medium for 24 hours to allow cell attachement. 80% cell confluence was used
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for the experiment. After 4 hours of serum starvation at 37°C, cells were treated for 10 days
with osteogenic medium supplemented with 400 nM TSA and 1 pM SAHA, with medium
changes every 2-3 days. The control groups were treated in osteogenic medium without
HDACis.

The total RNA was harvested at 24 hours, 72 hours, 7 days and 10 days post-
induction with Trizol reagent (#K00054-0200, Biotechrabbit) to lysate cells. After adding 1 mL
of Trizol to each well, cells were scraped and homosgenized using a pipette tip. The lysate
was incubated at RT for 5 minutes, then transferred into a 1.5 mL tube. 200 pL of chloroform
was added and vortex vigorously for approximately 15 seconds to homogenize. The mixture
was incubated for 2-3 minutes at RT before centrifuged at 4°C at 12.000 x g for 15 minutes.
After centrifugation, the mixture was separated into three layers. The aqueous phase which
refers to total RNA was replaced into a new 1.5 mL tube. 500 pL Ice-cold Isopropanol was
added into each tube then incubated at -20°C for 2-4 hours. Furthermore, the samples were
centrifuged for 10 minutes at 4°C at 12.000 x g.

RNA precipitation was formed into a white gel-like pellet at the bottom of a 1.5 mL
tube. The supernatant was removed gently and the pellet was rinsed with 1 mL of ice-cold
70% ethanol, twice and 100% ethanol, once as the last washing step. The pellet was
centrifuged at 7.500 x ¢ at 4°C for 5 minutes between the first and last washing steps. After
removing the supernatant, the RNA pellet was dried at RT until completely dry for
approximately 5-10 minutes. Lastly, the RNA pellet was dissolved in 10-20 pL Nuclease free-

water (#P1193, Promega, USA) by passing the solution through a pipette tip a few times. RNA
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concentration was quantified by the NanoDrop Spectrophotometer (Thermo Scientific,

Wilmington, DE).

4.8 Real Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

To observe the stimulatory effect of HDACis in inducing the expression of
odontoblast-like differentiation-related gene markers in hDPCs, Real Time RT-PCR was
performed. First strand cDNA was constructed by using reverse transcriptase reaction by
ImProm-Il Reverse Transcription System (#A3800, Promega Corporation, Madison, WI).

Real Time RT-PCR was performed using CAPITAL™ @gPCR Green Mix HRox
(#BR0501901, BiotecRabbit) with a reaction volume of 20 uL containing 375 nM of primers
and 1 pL of RT product. Real time thermal cycle (CFX96 TouchTM Real Time PCR System,
Bio — Rad) was used through the PCR protocol as follows: initial activation at 95°C for 2 - 3
minutes, denaturation at 959C for 15 seconds, and extension at 60-65°C for 30 seconds for
40 cycles. Bio-Rad CFX Maestro 1.1 manager software was used to analyze relative gene
expression.

PCR primers for nuclear factor I-C (NFIC), krlppel-like factor 4 (KLF4), dentin
sialophosphoprotein (DSPP), and dentin matrix protein 1 (DMP1) were used to observe the
expression of odontoblast-like differentiation-related gene markers. Furthermore, PCR
primers for type | collagen (COL1), alkaline phosphatase (ALP), bone sialoprotein (BSP), and
osteocalcin (OC) were used to observe the expression of general mineralization-related gene
markers and vascular endothelial growth factor (VEGF) was used to detect the capability of

blood vessel formation in hDPCs under HDACis treatment. Furthermore, a PCR primer for the
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p21 gene was used to determine whether HDACis has a stimulatory effect in inducing cell
cycle arrest and leading to cell differentiation in odontoblast differentiation by generating
the expression of downstream genes. All gene expression was analyzed and normalized with
the expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Table ).

The threshold cycle (CT) from each sample was counted using the real-time cycler
software then, changed from CT to fold change of genes by using the Bio-Rad CFX Maestro

1.1 manager software.

Table 3. PCR primer sequences of target genes.

Primers Sequence (5 = 3°)
Forward : CCTTGCTGCTCTACCTCCAC
VEGF
Reverse : ATCTGCATGGTGATGTTGGA
Forward : TCAGGGTCGAAAACGGCG
p21
Reverse : CCTCTTGGAGAAGATCAGCCG
Forward : GACCTGTACCTGGCCTACTTTG
NFI-C
Reverse : CACACCTGACGTGACAAAGCTC
Forward : GTGCTAAAGGTGCCAATGGT
COoL-1
Reverse : ACCAGGTTCACCGCTGTTAC
Forward : CGAGATACAAGCACTCCCACTTC
ALP
Reverse : CTGTTCAGCTCGTACTGCATGTC
Forward : TCACAAGGGAGAAGGGAATG
DSPP
Reverse : TGCCATTTGCTGTGATGTTT
DMP-1 Forward : ATGCCTATCACAACAAACC
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Reverse : CTCCTTTATGTGACAACTGC

Forward : ATGGCCTGTGCTTTCTCAATG
BSP
Reverse : AGGATAAAAGTAGGCATGCTTG

Forward : CTTTGTGTCCAAGCAGGAGG
oC
Reverse : CTGAAAGCCGATGTGGTCAG

Forward : CTGAACAGCAGGGACTGT
KFL4
Reverse : GTGTGGGTGGCTGTTC

Forward : TGAAGGTCGGAGTCAACGGAT
GAPDH
Reverse : TCACACCCATGACGAACATGG

4.9 Alkaline Phosphatase Acivity Assay

ALP activity of hDPCs during odontoblast-like differentiation was measured at day-3,
-5, -7, and -10 post-induction. hDPCs at the density of 5 x 10* cells/cm? were seeded in 24-
well-plate containing growth medium. After 24 hours (at experimental day-0), cells were
exposed to osteogenic medium without or with 400 nM TSA and 1 puM SAHA for 10 days,
with medium changes every 2-3 days.

Briefly, cell lysate from each sample was collected by adding ALP lysis buffer (10
mM Tris = HCl pH 10, 2 mM MgCl,, 0.1% Triton X-100) before freezing at -80°C for 10 minutes.
After thawing, 100 pL of cell lysate was incubated in the substrate mixture of 10 pL P-
Nitrophenyl Phosphate (PNPP; N7653, Sigma Life Science) and 100 pyL 0.1 M aminopropanol

in 2 mM of MgCl,, at 37°C for 30 minutes until the color was turned to yellow. The reaction
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was stopped by adding 900 pL 0.1 M NaOH to each well. The absorbance of the mixture
was measured at 410 nm wavelength using a microplate reader.

For the protein assay, those samples were treated in the same manner as in the ALP
assay until the samples were frozen. The total protein was analyzed using the BCA Protein
Assay Kit (#3380463, EMD Millipore Corp., USA). After thawing, 200 uL bicinchoninic acid
solution was added to the samples and incubated at 37°C for 30 minutes. The absorbance
of samples was measured at 562 nm wavelength using a Spectrophotometer and the
amount of total protein was quantified against a standard curve. Furthermore, ALP activity
of samples was obtained by normalizing the ALP activity product with total protein content

then compared with the control group.

4.10  Statistical analysis

All experiments were repeated three to four times. We calculated the mean and
standard deviation (SD) for each set of data. For statistical analysis, One-Way ANOVA and
Tukey’s HSD post hoc test were applied to compare either experimental groups with control
or among one experimental group to another. Significant differences were considered as p

< 0.05.



39

RESULT

5.1 Effect of TSA and SAHA treatment in hDPCs viability

To evaluate the effect of HDACis (TSA and SAHA) treatment on hDPC viability, MTT
assay was performed in osteogenic medium containing various HDACis concentrations (50
nM, 200 nM, 400 nM, and 800nM TSA and 0.5 uM, 1 uM, 3 uM, 5 uM, and 10 uM SAHA) for
72 hours. Meanwhile, growth and osteogenic medium without TSA/SAHA were used to treat
the control group.

After 72 hours of treatment, hDPCs viability was not influenced by 50 nM, 200 nM
and 400 nM TSA; 0.5 uM and 1 uM SAHA treatments as shown by comparing with the control
group, treated in osteogenic medium without HDACIs. In contrast, the higher concentration
of HDACis significantly influenced hDPCs viability, compared with the control. Cell viability
was significantly decreased in the higher concentration of TSA (800 nM) and SAHA (3 UM, 5

UM, and 10 pM) (Figure 1).
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Figure 1. Cell viability of hDPCs cultured in the presence and absence of TSA and SAHA after 72
hours was assessed with MTT assay. (One-way ANOVA, Tukey’s HSD post hoc test, Asterisks:

significant different compared with osteogenic medium, as a control, at p < 0.05, n = 4).
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Due to 50 nM, 200 nM, and 400 nM TSA; 0.5 uM and 1 uM SAHA showed no impact
on hDPCs viability as seen in the comparison with control, we decided to use these

candidate doses for further experiment.

5.2 The enhancement of mineralized nodule formation under HDACis treatment

in hDPCs

To observe the stimulatory effect and determine the best concentration of HDACis
(50 nM, 200 nM, and 400 nM TSA; 0.5 uM and 1 uM SAHA) in inducing odontoblast-like
differentiation and inducing mineralization in vitro, we stained hDPC culture with Alizarin Red
at experimental day-14 and -21. No mineralized nodule was formed in the growth medium-
treated group even up to 21 days of treatment, compared with osteogenic medium without
HDACis, as a control.

During 14 days of mineralization induction, there was no significant difference in the
50 nM TSA-treated group, indicating that it had a similar effect to the osteogenic medium.
Meanwhile, the mineralized nodule formation was significantly elevated on 200 nM and 400

nM TSA; 0.5 uM and 1 pM SAHA, compared with osteogenic medium (Figure 2A-B).
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Figure 2. The effect of TSA and SAHA on mineral deposition in hDPCs in growth and osteogenic
medium with/without TSA or SAHA. (A, C) Quantitative analysis was measured by ImageJ Software
representing the percentage of the alizarin red staining intensity. (B, D) Alizarin Red Staining at day-
14 and -21 post-induction. (One-way ANOVA, Tukey’s HSD post hoc test, Asterisks: significant
difference compared with osteogenic medium at p < 0.05, a: significant difference among TSA-
treated groups, compared with 400 nM TSA at p < 0.05, Hashtag: significant difference between
TSA- and SAHA-treated group at p < 0.05, n = 4).

Statistical analysis data showed that 400 nM TSA exhibited the highest formation of
mineralized nodules than other TSA, which indicates that it might be a potent concentration
to boost mineralization. However, 0.5 uM- and 1 pM SAHA-treated group might provide a
similar effect in inducing mineralized nodule formation. In contrast, the optical density (OD)
value measured by Spectrophotometer revealed that 1 uM SAHA treatment increased the

mineralization, significantly, compared with SAHA 0.5 uM (data not shown). No significant
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difference between TSA and SAHA was found at 14 days post-induction. As a result, we
observed the mineralization for the next 7 days (experimental day-21) using 400 nM TSA and
1 uM SAHA which is assumed as the optimal concentration inducing mineralization.

At experimental day-21, the mineralized nodule formation in 400 nM TSA- and 1 M
SAHA-treated group was significantly higher than the induction medium-treated group but,
no significant difference was found in the comparison between both HDACis-treated groups
(Figure 2C-D). This indicated that TSA and SAHA, at observed dose, might provide a similar
effect in inducing hDPCs differentiation into odontoblast-like cells and generating the

mineralization process, as seen in osteogenic medium-treated group.

5.3 Pattern of odontoblast-related gene expression of hDPCs under HDACIs

treatment

To confirm the odontogenesis effect of TSA and SAHA, the expression of odontoblast
differentiation-related gene markers, under treatment of osteogenic medium containing
HDACis (400 nM TSA and 1 uM SAHA), was evaluated by RT-gPCR and compared with control
treated with osteogenic medium without HDACis.

During the onset of differentiation and up to the next 10 days, the HDACis-treated
group showed the expression pattern of general mineralization-related gene markers such
as COL1, ALP, BSP, and OC and odontoblast differentiation-related gene markers including
NFI-C, KLF4, DMP1, and DSPP (Figure 3A-J). TSA and SAHA displayed a similar alteration
pattern of P21 gene expression which induces cell cycle arrest and triggers cell differentiation

through inducing the transcription of the downstream gene (58). The significant elevation in
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P21 gene expression was found up to 6- and 14.9-fold in the TSA- and SAHA-treated group
after 72 hours of treatment, respectively, compared with control. Then, it gradually declined
at the later stage (day-7 and -10) to 4- and 1.7-fold in TSA and 13.4- and 7.5-fold in SAHA
treatment. In the comparison between TSA and SAHA, we found that SAHA significantly up-

resulated P21 gene expression during treatment, compared with TSA.
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Figure 3. The relative expression of odontoblast-related gene markers during odontogenesis was
confirmed by RT-gPCR at 24h, 72h, 7d and 10d post-induction. (A) P21: protein 21, (B) NFI-C: Nuclear
Factor | C, (C) KLF4: Kruppel-like factor 4, (D) COLL: Type | Collagen, (E) ALP: Alkaline Phosphatase,
(F) DSPP: Dentin Sialophosphoprotein, (G) DMP1: Dentin Matrix Protein 1, (H) BSP: Bone Sialoprotein,
(1) OC: Osteocalcin, and (J) VEGF: Vascular Endothelial Growth Factors (One-way ANOVA, Tukey’s
HSD post hoc test, Asterisks: significant difference compared with control at p < 0.05, Hashtag:
significant difference between TSA- and SAHA-treated group at p < 0.05, n = 3).

The NFI-C gene was expressed to initiate the expression of downstream gene related
to odontoblast differentiation (42, 51, 54) and KLF4 gene (42) is one of them. HDACis
treatment showed a similar acceleration pattern of NFI-C and KLF4 gene expressions at the
early stage of differentiation. SAHA 1 uM and TSA 400 nM treatments significantly enhanced
NFI-C gene expression from 1.7- up to 10.6-fold at 24 — 72 hours and 1.5- up to 20.4-fold at

72 hours — 7 days of treatment, respectively, then followed by the gradually decreased NFI-
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C gene expression at the later stage. The increased expression of KLF4 gene was also seen
up to 6-fold at 72 hours and 36-fold at 7 days of treatment under TSA and SAHA treatment.

HDACis treatment in hDPCs enhanced the expression of COL1, ALP, DSPP, and BSP
genes in the similar pattern to the expression of NFI-C and KLF4 genes. The 1 uM SAHA-
treated group showed the significant up-regulated expression of COL1, ALP, DSPP, and BSP
genes up to 24-, 20.5-, 4.4-) and 7-fold at experimental day-10, respectively. Whereas, after
10 days of 400 nM TSA treatment, the expression of COL1, ALP, DSPP, and BSP genes were
significantly increased by up to 5.8-, 9-, 2.7-, and 3-fold, respectively. It should be noted that
SAHA demonstrate better effect on the expression of COL1, ALP and DSPP genes significantly
on the later time point (day-10) when comparing with TSA. A significant difference was not
found in BSP gene expression in the comparison of SAHA to TSA.

DMP1 gene expression was also gradually elevated under HDACis treatment during
the onset of differentiation. However, the 400 nM TSA-treated group showed a significant
increase level in DMP1 gene expression up to 8.3-fold at day-10 post-treatment when
compared to 1 yM SAHA which was only expressed up to 4.7-fold, 1.7 times lower.

The linear acceleration pattern of OC gene expression was found up to 9-fold
increased after 7 days of treatment with 400 nM TSA and 1 uM SAHA, and even increased
until the later stage (10 days). At this time point, OC gene expression in SAHA has increased
up to 24-fold, 1.5 times higher than TSA. Furthermore, during odontoblast differentiation,
HDACis treatment resulted in a different pattern of VEGF gene expression, a gene marker for
new blood vessel formation (60). The 400 nM TSA-treated group showed significantly

increased expression of VEGF gene after 72 hours (up to 12.7-fold) compared to the control,
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which then dropped at day-7 to 3-fold and disappeared at day-10. The 1 uM SAHA group,
on the other hand, maintained the accelerated VEGF gene expression level from 72 hours
up to 7 days of treatment. There was a significant increase in VEGF gene expression up to
36-fold (at day-7), 12 times higher, compared with the TSA-treated group. But, its expression
was down-regulated to 7.5-fold after 10 days of SAHA treatment.

In comparison, between TSA and SAHA, SAHA appeared to show more effect during
the treatment. Notably, NFI-C gene expression in SAHA was significantly 10-fold higher than
TSA at 72 hours post-treatment. Furthermore, COL1 gene expression in SAHA was
upregulated up to 24-fold, 4 times higher than TSA at day-10. A similar effect was also found
in ALP gene expression in which SAHA treatment maintained ALP gene expression at 20-fold
at the later stage. Meanwhile, in TSA, ALP gene expression was significantly down-regulated
to 10-fold, 2 times lower than SAHA. SAHA also showed the significant elevation of DSPP
gene expression up to 4.4-fold at the later stage, 1.6 times higher than TSA.

Real Time RT-PCR ensured the significant up- and down-regulation of P21, NFI-C,
KLF4, DMP1, DSPP, COL1, ALP, BSP, OC, and VEGF during the respective time points. These
findings demonstrated that HDACIs treatment might result in the acceleration pattern of
odontoblast differentiation-related gene expression and lead to the enhancement in hDPCs

differentiation into odontobalst-like cells.
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5.4 Change of ALP Activity during odontoblast-like differentiation in HDACis-treated

hDPCs

To verify TSA and SAHA-induced ALP Activity during mineralized induction, ALP assay
was measured at experimental day-3, -5, -7 and -10. During TSA (400 nM) and SAHA (1 uM)
treatment in osteogenic medium, both of the HDACis group showed different patterns of
ALP activity level. ALP activity of 400 nM TSA-treated groups was significantly increased
starting from the early stage until the intermediate stage (experimental day-3 and day-5,
respectively) of odontoblast differentiation, compared with the control group. Its activity,
however, decreased at later time-points (at experimental day-7 and -10). In contrast, the
significant acceleration pattern of ALP activity was shown in the 1 pM SAHA-treated group
starting from the early stage and continued to increase up to day-10 post-induction,

compared with the control and TSA-treated groups (Figure 4).
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Figure 4. The effect of TSA or SAHA on the acceleration pattern of ALP Activity during
odontogenesis. (One-way ANOVA, Tukey’s HSD post hoc test, Asterisks: significant difference
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compared with control at p < 0.05, Hashtag: significant difference between TSA- and SAHA-treated
group at p < 0.05, n = 4).

This finding supported Alizarin Red Staining result, which showed that TSA and SAHA
significantly enhanced the mineralized nodule formation up to day-21 post-induction,
compared with control. We also assumed that SAHA might have more effect in enhancing

ALP activity compared with TSA.

5.5 The stimulatory effect of HDACis in inducing hDPCs migration

Scratch wound healing assay was performed for 72 hours in serum starvation
condition for 72 hours, to test the effect of HDACis (400 nM TSA and 1 pM SAHA) on hDPC
migration. A percentage of wound closure described cell migration which was calculated as
the difference of the distance between the separated monolayer cells at the wound-made
time versus every next 24 hours. The significant acceleration in wound closure was found
only 72 hours post-treatment, compared with control. However, no significant difference was

shown in inducing cell migration under TSA-SAHA treatment at that time—point (Figure 5A-B).
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Figure 5. Scratch wound healing assay displayed cell mlgrat|on durmg 72 hours in serum-free

medium with/without TSA or SAHA. (A) Quantitative analysis of the wound closure area expressed
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as the percentage, (B) hDPCs migration at 0, 24, 48 and 72 hours of treatment; scale bar is 200 mm.
(One-way ANOVA, Tukey’s HSD post hoc test, Asterisks: significant difference compared with control
at p <0.05,n = 3).
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DISCUSSION

In the present study, we demonstrated the involvement of HDAC inhibitor TSA and
SAHA in inducing hDPCs differentiation into odontoblast lineages without interfering with cell
viability and mineralized nodule formation through enhanced the expression level of
odontoblast differentiation-related gene markers as well as by increasing ALP activity. TSA
and SAHA, the epigenetic-modifying agents belonging to hydroxamic acid inhibitors group
(25), remove zinc ion on the HDAC active site to generate the inhibition of class | and Il
HDACs activity. (23, 31, 40) This process prevents deacetylation on lysine residue of histone
core N-terminal tails (32), causing the balance between HATs and HDACs to shift to more
acetylate lysine residue (31). Histone acetylation converts the positively charged of histone
core into the negatively charged lysine residue of histone tails, resulting in nucleosome
structure relaxation (23, 42) and providing a binding site for transcriptional machinery protein
to target gene (26) to induce cellular activities such as cell proliferation, cell death, cell
differentiation, and cell fate decision. (31, 41)

Reviews of HDACIs (23, 40) have mentioned that TSA shows the inhibitory effect at
the low concentration of nmol/L while SAHA requires umol/L concentration to generate
histone acetylation. In the present study, we found the high concentration of TSA (800 nM)
and SAHA (3, 5, and 10 uM) significantly reduced cell viability, indicating that it might have a
cytotoxic effect on hDPCs. According to these findings, we assumed that TSA and SAHA in
the concentration of 50, 200, and 400 nM; and 0.5 uM and 1 pM, respectively, might be

proper candidate doses for treatment in vitro without affecting cell viability.



51

Our finding correspond to previous studies reporting that 1 uM SAHA (26) and 50,
100, 200, 400 nM TSA (21, 28) treatment didn’t show cytotoxic effect and cause cell death
in either cell line (MDPC-23) or primary cell (hDPSCs and hPDLCs). However, the high
concentration of TSA (800 nM) has an impact on cell viability. (21) Contrastingly, SAHA
treatment on murine dental pulp-derived cell line (MDPC-23) (26) at the concentration of 3
and 5 uM hasn’t affected cell viability after 48 hours. The low concentration of TSA (25 nM
and 400 nM) was toxic for living MDPC-23 showed by the reduction of cell proliferation. (29)
This might be caused by the difference in cell type, primary cell vs transformed cell line.

After obtaining the safe doses for hDPCs viability, we evaluated TSA and SAHA effect
on the mineralization under mineralized induction medium. At experimental day-14, the
higher formation of mineralized nodule was found on 400 nM TSA- and 1 uM SAHA-treated
groups, significantly, compared with control and other HDACis groups. However, up to 21
days of observation, the enhanced mineralization on TSA (400 nM) vs SAHA (1 uM) groups
did not show a significant difference. These indicated that both HDACis concentration
seemed to have similar odontogenesis effects in inducing mineralization as shown by alizarin
red staining quantification and suggested that HDACis dose selection should be considered
to enhance odontoblast-like differentiation. Notably, the large mineralized nodules and
strong alizarin red staining occurred at the range of TSA and SAHA concentrations below
those concentrations which reduce cell viability, significantly. Our results also correspond
with previous studies demonstrating that 400 nM TSA and 1 pM SAHA treatment triggered

the increased mineralization. (21, 26)
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Further evidence found in this present study was the significantly elevated relative
expression of p21 gene at the early stage of differentiation, the significantly elevated
expression level of odontoblast-related marker NFI-C, KLF4, DMP1, and DSPP and general
mineralized-related marker COL1, ALP, BSP, and OC at the given-time point, indicating that
TSA and SAHA triggers mineralization through the inducement of cell cycle arrest and
differentiation. Previously, TSA (28, 29) and SAHA (26) treatment have been demonstrated
to dose-dependently reduce cell growth mediated by the increased level of p21 gene
expression and the acceleration of odontoblast differentiation and mineralization.

TSA and SAHA exhibited a distinct significant difference in each odontogenesis-
related gene expression at the given-time point except BSP gene expression which does not
have a significant difference over time. Overall, both HDACis demonstrate stimulatory effect
on almost all odontogenesis-related gene expression. All these together, we assumed that
TSA and SAHA might have similar odontogenesis effects by inhibiting the HDAC active side
as well as leading to histone acetylation and nucleosome relaxation. The HDACis-mediated
transcriptional activity induces the expression of target genes related to odontoblast
differentiation and generates mineralized nodule formation.

Nfic-Klf4-Dmp1-Dspp cascade may take control to regulate the odontoblast
differentiation as previously reported. NFI-C gene expression initiates the expression of
downstream genes. The binding of NFI-C gene-associated protein to the promoter area of
KLF4 gene induces its expression and hence, DMP1 gene is expressed via the recruitment of
KLF4 gene-associated protein to DMP1 gene promoter area. DMP1 thereupon induces the

expression of the DSPP gene. (42, 51, 54) DMP1 and DSPP gene expression encourage
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odontoblast maturation which is responsible for dentin extracellular matrix production and
secretion including the collagenous and non-collagenous proteins as well as the
mineralization. (14, 55) In the present study, HDACis treatment showed the increased
expression of NFI-C gene was subsequently followed by the up-regulation of KLF4, ALP,
DSPP, DMP1 and BSP genes and led to the enhancement of mineralization in hDPCs. Previous
study (51) has reported that NFI-C was recruited to the KLF4 promoter area to induce KLF4
gene transcription which engages in mediating DSPP and DMP1 gene expression, because
when NFI-C gene was knocked down in MDPC23 odontoblast cells, the protein level of KLF4,
DMP1, and DSP were reduced. In contrast, the over-expression of NFI-C and KLF4 genes
induced mineralization by up-regulating DSPP and DMP1 gene expression. A different
suggestion was put forward by Kwon et al. (26), demonstrating that NFI-C protein was directly
recruited to the DSPP promoter area and leading to the increase of DSPP gene expression in
MDPC23 cells. The NFI-C gene knockdown by siRNA reduced NFI-C mRNA level and caused
the decrease of odontogenic marker gene expression such as DSPP, DMP1, and Nestin.
Alkaline phosphate has been identified as a mineralization initiator by providing
phosphate to initiate the mineralization process, and thus high ALP activity has been linked
to cells forming mineralized tissue. (61) TSA enhanced ALP activity from the early onset of
differentiation (72 hours) and gradually reduced at the later stage, which corresponds with
the observed relative expression of ALP gene by Real Time RT-PCR. The acceleration pattern
of ALP gene expression was found up to 7 days of TSA treatment and it was dropped
subsequently at day-10. Whereas, SAHA enhanced ALP gene expression time-dependently

from the early to intermediate stage of differentiation and maintained its expression up to
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10 days. The acceleration pattern of ALP activity was also found in SAHA during odontoblast
differentiation. Whereas, the increase in ALP activity in TSA came quickly at the beginning
but, it decreased at the later stage. Lastly, the observed increase in VEGF gene and wound
closure rate confirmed that the inhibitory effect of HDACis to promote histone acetylation,
might mediate new blood vessel growth (60) and cell migration, respectively.

Evidently, HDACis can induce cell differentiation in pluripotent and adult stem cell
populations (28), primary dental pulp cells/osteobalst (21, 59), and odontoblast/osteoblast
cell lines (26, 29, 62). Notably, under appropriate condition and concentration, HDACis
triggers the expression of a series of closely odontogenesis-related marker genes and
mineralization process in vitro (26, 28, 29, 59) and in vivo (28). These findings may provide
valuable information for the initial development of a potentially biocompatible material to
induce reparative dentin formation that can be applied in direct application of vital pulp
treatment. However, the authors recognized that more research is required regarding the
HDACis effects on other cell types because HDACIs is also known to regulate odontogenesis
(26, 28, 29, 59), osteogenesis (21, 62), and chondrogenesis (63). The suitable carrier material
for HDACis which can efficiently deliver HDACis agent to the damaged site of dental pulp
tissue and release HDACIs in appropriate concentration, should also be considered before
clinical application, as well as the cross-talk effect between HDACis and the existing

restorative material.
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CONCLUSION

TSA and SAHA, pan HDAC inhibitors, promoted hDPCs differentiation into
odontoblast-like cells and mineralized nodule formation in a dose-dependent manner
without interfering with cell viability. The observed increase in gene expression related to
odontoblast differentiation and maturation indicated that these two HDACis can
epigenetically mediate odontoblast-like differentiation. The large mineralized nodules,
strong positive alizarin red staining, and the elevated ALP activity also provided further
evidence for the odontogenesis effects of HDACis. Because HDACIs has been approved by
FDA and used in several clinical treatments, they provide interesting candidates for

regenerative biomaterials in the field of dental treatment.
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