creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

The study on the effect of

nicotinamide in bone metabolism

Jzm®olutol=el W oAt =W fdte] BF AT

2023 2¢

Agdsty dskd
Ao Hets EAfAT AL

a 3



The study on the effect of
nicotinamide in bone metabolism
Yselolutol=e] W oA} 28 &l B AT
Axnd F @2

o] RS AYHu} SArEow AZF
2022 12€¢

AEdsty gishd
EEL R
% 8

&3)919 o Fatupa} S rre Qe

2023d 1€
993 % 3 3 (a)
799% Fdw (a)
9 4 4 A & (a)
9 4 283 (a)
4 4 XN (a)




Abstract

The study on the effect of

nicotinamide in bone metabolism
Heein Yoon

Department of Molecular Genetics
The Graduate School
Seoul National University

(Directed by Prof. Hyun—Mo Ryoo, D.D.S., Ph.D.)

Nicotinamide (NAM), a water—soluble amide form of vitamin
B3, has been used to treat various disorders for many years with
safety profile. NAM is generated during sir2—like proteins
(sirtuins) reaction, which is nicotinamide adenine dinucleotide
(NAD") —dependent class III histone deacetylases. Many studies
have revealed that sirtuins are responsible for normal skeletal
development and bone homeostasis. However, the effect of NAM in
bone homeostasis is not clear. In this study, we investigated
whether and howNAM can regulate bone homeostasis.

The mitochondrial respiration to supply the energy required
for differentiation 1s very 1mportant during osteogenic

differentiation. The action of antioxidant enzymes 1is critical to
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maintain the naturally occurring reactive oxygen species (ROS), a
natural by —product of cellular respiration, at an appropriate level. In
partl, we showed that NAM enhanced osteoblast differentiation by
inducing antioxidant enzymes. NAM improved mitochondrial
respiration which is necessary to supply energy for osteoblast
differentiation. NAM also induced the expression of antioxidant
enzymes by activating mitochondrial SIRT3 and subsequential
activation of FOXO3a. These results suggest that NAM promoted
osteoblast differentiation by enhancing mitochondrial respiration
and antioxidant enzymes.

Patients with cleidocranial dysplasia (CCD) caused by
RUNXZ haploinsufficiency exhibit premature closure of cranial
sutures, hypoplastic clavicles, and dental anomalies. The chief
complaint of CCD patients is the delayed or unerupted permanent
teeth. However, the only therapeutic intervention has been a
combination of surgical and orthodontic treatment. In part 2, we
examined whether NAM improve delayed tooth eruption in Runx2""
mice, a well—established CCD animal model. Runx2”~ mice showed
delayed tooth eruption and the delay was significantly rescued by
NAM administration. Primary osteoblasts from Runx2”~ mice
showed decreased expression of colony stimulating factor 1 (CSF1)
which is critical factor to induce osteoclast differentiation. NAM
induced osteoclast differentiation by increasing expression of both
RUNX2 and CSF1. RUNXZ2 directly regulated the expression of Csf1l
through binding to the promoter region. The improved expression
and activity of RUNXZ by nicotinamide was due to the inhibition of

Sirt2. These results suggest that the delayed tooth eruption in CCD
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mice was due to the decreased level of Csfl in RunxZ—defificient
osteoblasts and NAM can be a candidate therapeutic drug promoting
RUNXZ level.

In this study, we revealed that NAM induces mitochondrial
respiration and the expression of antioxidant enzymes in
osteoblasts to maintain bone homeostasis, confirming that the
possibility of alleviating musculoskeletal disorders related to
oxidative stress. In addition, we also showed the mechanism of
delayed tooth eruption in CCD patients and explored the possibility
as a candidate therapeutic drug to treat dental abnormalities by

direct administration of NAM to Runx2”™ mice.

Keyword: nicotinamide, osteoblast, osteoclast, antioxidant enzyme,
Runx?2, cleidocranial dysplasia
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I. Literature review

1. Histone deacetylases (HDACs)

DNA is condensed with histone proteins in the form
of chromatin. 146 to 147 base pairs (bp) of core DNA
surrounds a histone octamer composed of four core histone
proteins, HZ2A, H2B, H3 and H4, as a nucleosome unit
(Kornberg 1974, Olins and Olins 1974).

Posttranslational modifications (PTMs) of histone
tails can regulate chromatin structure. Histone modifications,
such as acetylation, phosphorylation, methylation, and
ubiquitylation, can affect inter—nucleosomal interactions
accompanying chromosome structure change (Bannister and
Kouzarides 2011).

Protein acetylation is catalyzed by histone

acetyltransferases (HATs) on lysine residues of histone

proteins and non—histone proteins (Lee and Workman 2007).

Histone deacetylases (HDACs) have the opposite effect of
HATS, inhibiting lysine acetylation (Seto and Yoshida 2014).
The presence of less condensed euchromatin or highly
condensed heterochromatin is regulated by several histone
modifications. In particular the positively charged lysine
residues, deacetylated by the action of HDACs, regulate the
chromatin  structure through tightly packing their
architecture in concert with negatively charged phosphate
backbone of DNA (Drazic, Myklebust et al. 2016). The

compact structure of chromatin diminishes gene expression
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by making it difficult to access the transcript machinery,
thereby inhibiting gene expression (Park and Kim 2020).
The histone deacetylase family is divided into two
families depending on the presence of conserved
deacetylase domain and the type of cofactors. Class [
(HDAC1-3, and 8), class Ila (HDAC4, 5, 7, and 9), class IIb
(HDAC6, and 10) and class IV (HDAC11) are Zn2+-—
dependent HDACs. Class III HDACSs, requiring NAD+ as a
co—factor, are consists of 7 sirtuins (SIRT1-7) in mammals
(Park and Kim 2020). Class I HDACs possess the
completely conserved deacetylase domain and ubiquitously
expressed. They are dominantly expressed in the nucleus
with strong histone deacetylase activity. Recently,
nonhistone proteins are also known as substrates of class I
HDACs. HDAC1 and 2 are part of a complex that includes
the mitotic deacetylase complex, transcriptional regulatory
protein Sin3A, and the nucleosome remodeling and
deacetylase complex (NuRD). HDAC3 and SMRT/NCoR
form a complex (Ayer 1999, Wen, Perissi et al. 2000).
HDACS functions independently without forming a complex
(Hu, Chen et al. 2000). Class II HDACs have a conserved
C—terminal deacetylase domain and can be subdivided into
class Ila and IIb. Class Ila have low enzymatic activity and
an adapter domain at the N-—terminus that serves as a
binding site for transcription factors (Mihaylova and Shaw
2013). Class IIb HDACs show an extra tail domain at C—
terminus. HDAC 11 only belongs to Class IV HDAC.
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However, Class IIb and Class IV HDACs have not been
studied well.

It is well known that HDACs play a significant role in
regulating bone formation. In humans, bone expresses
HDAC1, HDAC3, HDAC5S, HDACSH6, and HDACT7 at high levels,
while articular cartilage expressed HDACZ2, HDAC5S, HDACS?,
and HDAC7 (Bradley, Carpio et al. 2015). Furthermore,
many studies have revealed that Hdac knockout mice
showed impaired bone pheonotype (McGee—Lawrence and

Westendorf 2011).

2. Sirtuins

The yeast silent information regulator 2 (Sir2) are
highly conserved in many organisms and known to
homologous to sirtuins in human (Blander and Guarente
2004). Class III HDACs are composed of seven sir2-like
proteins (SIRT1-7). Unlike other classes of HDACs, class
III HDACs exhibit NAD"—dependent enzymatic activity.
Sirtuins show various kinds of enzymatic activity depending
on their types (Carafa, Rotili et al. 2016). In addition to
deacetylation activity (SIRT1-3, and 5—7), some have
ADP-ribosylation (SIRT4 and 6), demalonylation and
desuccinylation activity (SIRT5). Sirtuins are located in the
nucleus (SIRT1-3 and SIRT6-7), cytoplasm (SIRT1 and 2),
and mitochondria (SIRT3-5).

SIRT1 was discovered first among other SIRT

families and has been studied well. It has been reported that
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SIRT1 has a close relation with calorie restriction (CR) and
aging. CR induce the expression of SIRT1 and increased cell
survival (Cohen, Miller et al. 2004). Furthermore, SIRT1
transgenic mice showed reduced disease syndromes,
diabetes, neurodegenerative diseases, liver steatosis, bone
loss and inflammation. SIRT1 is also involved in
neurodegenerative disorders (Qin, Yang et al. 2006, Donmez,
Arun et al. 2012, Jeong, Moon et al. 2013), such as
Alzheimer’ s disease (AD), Parkinson’ s disease (PD), and
Huntington’ s disease (HD), and tumorigenesis. Recent
studies showed that the role of SIRT1 in cancer is
controversial. It has been reported that the upregulated
SIRT1 is correlated with numerous types of cancer
malignancy (Derr, van Hoesel et al. 2014). But it has also
been reported that SIRT1 acts as tumor suppressor in vivo
(Wang, Sengupta et al. 2008, Derr, van Hoesel et al. 2014).
SIRT1 increases bone formation by promoting transcription
factors such as Runx2 and Sp7 in osteoblasts (Zainabadi, Liu
et al. 2017), and promotes bone resorption by regulating
NFkB (Edwards, Perrien et al. 2013) and FOXO (Kim, Han
et al. 2015) in osteoclasts. Therefore, SIRT1 has been
suggested as an important target to treat bone disorders
including osteoporosis.

SIRTZ2 is known to be involved in age—related
neurodegeneration of neurological disease (Fourcade,
Outeiro et al. 2018) and metabolism of adipogenesis by

inhibiting adipocyte differentiation (Wang and Tong 2009). It
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has been reported that SIRT?Z is related to tumorigenesis.
SIRTZ2 deacetylated RUNXS3 and p300 acetyltransferase and
reduced their stability in bladder tumor (Kim, Lee et al.
2011). However, the role of SIRTZ2 in osteoblasts and
osteoclasts has not been clearly elucidated yet.

The three mitochondrial SIRTs (SIRT3, 4, and 5)
have different enzymatic activities (Morigi, Perico et al.
2018). SIRTS3 has deacetylase activity, whereas SIRT4 has
ADP-—ribosyltransferase activity. SIRT5 shows NAD-
dependent demalonylase and desuccinylase activity in
addition to deacetylase activity. Among the three
mitochondrial SIRTs (SIRT3, 4, and 5), SIRT3 has been
showed the protective role against oxidative stress in
various tissues (Dikalova, Pandey et al. 2020, Ma, Sun et al.
2020). SIRT3 is known to induce SODZ, one of antioxidant
enzymes, to control the intracellular Reactive Oxygen
Species (ROS) level, and promote osteogenic differentiation
(Gao, Feng et al. 2018).

SIRT4 functions as ADP-ribosyltransferase and
regulates metabolic processes in mitochondria (Ahuja,
Schwer et al. 2007), not NAD"—dependent deacetylase.
SIRT4 is known to play the different role to SIRT3 in terms
of mitochondrial function and oxidative stress. SIRT4
deficiency upregulates fatty acid B —oxidation and oxidative
phosphorylation (Nasrin, Wu et al. 2010). In addition, SIRT4
inhibited the SIRT3—mediated SODZ activation in cardiac

hypertrophy model (Luo, Tang et al. 2017). In contrast to
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SIRTS3, SIRT4 activation raises ROS levels.

SIRTS5 is involved in deacetylation, demalonylation,
and desuccinylation of various proteins (Du, Zhou et al.
2011). In mitochondria, SIRT5 has been reported to regulate
oxidative stress—related enzymes, such as SOD1 (Lin, Xu et
al. 2013), IDH2 and G6PD (Zhou, Wang et al. 2016) to
eliminate ROS via desuccinylation.

SIRT6 is localized in nucleus as a chromatin—
associated protein and SIRT6 regulates cellular homeostasis,
DNA repair, genomic stability, and cellular senescence
(Chang, Ferrer et al. 2019). SIRT6 upregulates NRF2-
induced antioxidants by interaction with NRF2 (Pan, Guan et
al. 2016). Also, it has been reported that SIRT6 induces the
expression of SODZ and catalase through AMPK—-FOXO3a
pathway (Wang, Wang et al. 2016).

SIRT7 is located in nucleoli and increase
mitochondrial function and regulate energy metabolism via
mitochondrial unfolded protein response [UPR(mt)]with
NRF1 in aged hematopoietic stem cells (Mohrin, Shin et al.
2015). The role of sirtuins in bone was summarized by

focusing on the phenotype in knockout mice (Table 1).



Table 1. The summary of sirtuins knockout mice phenotype

regarding bone

Sirtuin Type of Phenotypes References
mutant
Defects in  craniofacial
suture closure and delayed (Lemieux,
Whole body mineralization of the skull, Yang et al.
vertebrae and digits 2005)
(E17.5-18)
Decreased bone volume
(l1-month—old and 4-— ) A
Whole body  month—old). No difference (Zainabadi, Liu
i et al. 2017)
in heterozygous knockout
SIRT1 mice in bone mass .
Decreased bone mass in .o
Prx1—cre . (Simic,
aged mice (2.2 years old) . )
(mesenchymal Hot in young mice (2— Zainabadi et al.
t 11
stem cells) month—old). 2013)
Osx—cre bone loss in cortical bone
(Iyer, Han et
(osteoblast and females (12—week—
. al. 2014)
progenitors)  old)
2.3kb Decreased bone volume in (Edwards,
Collal—cre female mice (16—week— Perrien et al.
(osteoblast) old) 2013)
Decreased bone mass In
KO mice due to the (Gao, Feng et
decreased osteoblast al. 2018)
function
Decreased bone mass in
Erglanrcnelccle dueosiiocl?s?; (Huh, Shin et
IRT hol ) .o .
S 3 Whole body differentiation (8 —week— al. 2016)
old)
Deletion of SIRT3
attenuated age—associated )
i (Ling, Krager
bone loss comparing 6— et al. 2021)
month—old and 16— )
month—old mice
Ocn—cre . )
Decreased bone mass (8, (Kim, Piao et
IR
SIRT6  (osteoblast/ 16, and 48 —week—old) al. 2020)
osteocyte)
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low bone mass with

(Sugatani,

Whole body  decreased bone formation Agapova et al.
and bone resorption 2015)
9 3Kkb EoEe lfoifndze;o decreased
Collal—cre one tormatio (Fukuda,
SIRT7 : Yoshi
severe osteopenia (14—15 alozéiz\ya et
Whole body  weeks old) ’




3. The NAD biosynthesis pathway

The NAD+ can be generated through de novo and
salvage pathways (She, Sheng et al. 2022). During de novo
pathway, a dietary amino acid L—tryptophan is converted
into quinolic acid and nicotinic acid mononucleotide (NaMN)
in consecutive order. Then, nicotinic acid adenine
dinucleotide (NaAD) is formed followed by amidtation by
NAD synthase (NADS) and consequently generates NAD+
(Srivastava 2016). Meanwhile, NAD+ can be recycled via
the salvage pathway using NAD+ precursors, namely NAM,
NA, NMN and NR. NAM and NR are converted into NMN by
the action of nicotinamide phosphoribosyltransferase
(NAMPT) and nicotinamide riboside kinase (NRK),
respectively. The NMN is converted into NAD+ via

nicotinamide mononucleotide adenyltransferase (NMNAT).

4. Nicotinamide as a SIRT activator or inhibitor

Sirtuins are class III histone deacetylases and firstly
discovered in yeast as the yeast sirtuin silent information
regulator 2 (Sir2) (Imai, Armstrong et al. 2000). The
deacetylation reaction of sirtuins releases NAM from NAD®
and the NAM can react with the O-—alkyl—amidate
intermediate in a process known as nicotinamide exchange,
functions as a non—competitive inhibitor (Avalos, Bever et al.
2005). As NAM exhibit feedback inhibition in sirtuin activity,
it has been used as an inhibitor of sirtuins. However, when
NAM treated to cells, the NAM rapidly transformed to NAD™"
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with decreased NAM concentration (Hwang and Song 2017).
In addition, the low dose of NAM (xM) functions as NAD"
supplier, but high dose of NAM (mM) regulated not only cell
survival, differentiation, DNA repair but also deacetylation
by inhibiting the activity of sirtuins (Meng, Ren et al. 2018).
NAM showed different effects on sirtuins depending on the
subcellular localization or the type of cells (Ma, Maruwge et
al. 2014). It is also known that increased NAD" level
through the supplementation of precursors, such as NAM,
NA and NR, induce the activation of sirtuins (e.g., SIRTI,
SIRT3) accompanying  activation of  transcriptional
regulators (e.g., PGCl—ea, FOXO) and increased
mitochondrial biogenesis and function (Canté and Auwerx
2012, Cant6, Houtkooper et al. 2012, Srivastava 2016). Due
to these numerous conflicting studies, more researches are

required to fully understand the action of NAM on sirtuins.

5. Reactive oxygen species and bone homeostasis

The transfer of electrons from substrate oxidation
and ATP synthesis occurs at the mitochondrial electron
transport chain (ETC) (Feher 2017). More than 90% of
intracellular ROS are produced by mitochondrial ETC and
most of the non—mitochondrial ROS are produced by
NADPH oxidases (Noxs) (Balaban, Nemoto et al. 2005).
During the electron transfer, electron leak and proton leak
occur and ROS can be generated as a natural by —product of

normal cellular activity (Auten and Davis 2009). It has been

-
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known that the normal physiological level of ROS is
necessary to maintain cell homeostasis and transduce
cellular signaling, including differentiation, autophagy,
metabolic adaptation, and immunity (Sena and Chandel
2012).

However, the oxidative stress caused by excessive
accumulation of ROS can result in numerous chronic
diseases, such as cardiovascular disease, neurological
diseases, cancer, inflammation, diabetes, obesity, and many
elderly diseases (Lin and Beal 2006, Khansari, Shakiba et al.
2009, Uddin, Al Mamun et al. 2020). In terms of
macromolecules, excessive ROS accumulation changes the
structure of lipids, protein, nucleic acids, and DNA, which
alters their functions and cellular signaling (Begum,
Howlader et al. 2021).

In addition, the normal physiological level of ROS
regulates osteogenic differentiation and matrix
mineralization as well as survival in mesenchymal stem cells
(MSCs) (Li, Gao et al. 2017). It has been reported that ROS
induce osteogenic differentiation in osteogenic precursor
cells (Arakaki, Yamashita et al. 2013). Also, the
physiological levels of intracellular ROS or the low
concentrations of H202 promoted osteogenic differentiation
through Erkl1l/2 signaling pathway (Khalid, Yamazaki et al.
2020). However, higher dose of H:0: induces stress—
activated protein kinases JNK and P38 (MAPKs) pathway

leading to cell death. Furthermore, oxidative stress shifts
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the fate of the senescent cells from osteogenic to adipogenic
lineages and inhibited osteogenic differentiation of MSCs and
MC3T3—-E1 preosteoblast cells (Mody, Parhami et al. 2001,
Lee, Lim et al. 2006, Zheng, Sui et al. 2020). The increased
ROS and excessive oxidative stress are associated with
bone aging, postmenopausal osteoporosis and osteoarthritis,
characterized by impaired bone function and degenerative
bone tissue (Li, Li et al. 2021). Therefore, it is crucial to
manage oxidative stress in order to preserve bone

homeostasis.

6. Antioxidants against oxidative stress

To maintain a regulated ROS level without oxidative
stress, there are several defensive mechanisms and
antioxidants. Through enzymatic or nonenzymatic reactions,
the ROS can change one another. Among endogenous
antioxidants, the enzymatic antioxidants include superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) (Begum, Howlader et al. 2021).

Hydrogen peroxide can be generated from
superoxide anion radical by the action of superoxide
dismutase (SOD) (Okado—Matsumoto and Fridovich 2001).
In mammals, three isoforms of SODs (SOD1-3) are found.
SOD1 is copper/zinc—dependent isoform is located in the
cytoplasm (Crapo, Oury et al. 1992) and mitochondrial
intermembrane space (Okado—Matsumoto and Fridovich

2001). SOD3 is also copper/zinc—dependent enzyme and
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located in the extracellular space (Fukai, Folz et al. 2002).
SODZ2 is manganese SOD and presents in the mitochondrial
matrix. The generated hydrogen peroxide is transformed
into water by the actions of CAT and GPx (Wassmann,
Wassmann et al. 2004). Meanwhile, there are the non-—
enzymatic antioxidants, like glutathione (GSH), vitamin A, C
and E, flavonoids, carotenoids, which reduce free radicals by

contributing electrons (Janciauskiene 2020).
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SOD3
Cu, Zn-SOD Catalase

Oy > MO » H:0

Cytoplasm SOD1
Cu, Zn-S0D Catalase
Oy » H:0: » H:0
SOD1

Cu, Zn-SOD H

Extracellular

Electron
Transport

-
GPx Prx
NADPH GSSG T2, % NADPH
NADP* % GSH T2 g NADP*

Mitochondria

Mitochondrial oxidative stress and antioxidant system

Superoxide can be produced by complex I and III of the electron
transport chain. SODZ converts Oz into Hz202 in the mitochondrial
matrix. SOD1 and SOD3 function in cytoplasm and extracellular
space, respectively. Catalase converts H202 into H20. In addition,
peroxiredoxins (Prx) and glutathione peroxidases (Gpx) can
detoxify mitochondrial HzO2. Glutathione reductase (GR) uses the
reducing equivalents of NADPH to produce reduced glutathione
after Gpxs oxidize glutathione (GSH) into GSSG. Thioredoxin (Trx)
is oxidized by Prxs, and Thioredoxin Reductase (TRR), which is
activated by NADPH, regenerates the reduced Trx. Uncoupling
protein 2 (UCP2) activations induce proton leak leading to

membrane depolarization and the decrease in ROS production.
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7. Mitochondria and bone health

The osteogenic differentiation of MSCs and
osteoprogenitors are regulated by mitochondrial metabolism,
referring to glycolysis and oxidative phosphorylation
(OXPHOS). As MSCs/preosteoblasts differentiate into
mature osteoblasts, the energy supply from glycolysis
gradually shifts to OXPHOS (Li, Gao et al. 2017). This
transition occurs in order to efficiently supply the abundant
energy necessary for osteogenic differentiation. Therefore,
the mitochondrial oxygen consumption rate (OCR) and ATP
production increased during osteogenic differentiation (Gao,
Feng et al. 2018). The inhibition of electron transport chain
caused the impaired osteoblast differentiation (Chen, Shih et
al. 2008, Gao, Feng et al. 2018, Shares, Busch et al. 2018).
It has been reported that the increased active mitochondria
promoted osteogenic differentiation in C3H10T1/2 BMSC—
like cells by supplying acetyl=CoA for the acetylation of
B —catenin to increase Wnt/S —catenin signaling pathway
(Shares, Busch et al. 2018). The upregulated OXPHOS
during osteoblast differentiation can lead to the increased
production of ROS. However, there is an antioxidant defense
system preventing the accumulation of ROS, such as
catalase and SOD2 (Chen, Shih et al. 2008, Gao, Feng et al.
2018). The SODZ2 deficient mice showed decreased
osteogenic differentiation and osteoporosis with increased
oxidative stress (Treiber, Maity et al. 2011, Gao, Feng et al.
2018). Furthermore, decreased OXPHOS and increased

-
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8.

oxidative stress were observed in senile osteoporosis
mouse model (Senescence Accelerated Mouse Strain P6,
SAMP6) (Lv, Yang et al. 2018). These results suggest that
the mitochondrial metabolism and oxidative stress are
significant to maintain bone homeostasis and prevent bone

pathologies.

RUNX2

RUNX2 (Runt—related transcription factor2, Cbhfal,
AML3), a master transcription factor of osteogenesis, is an
indispensable for bone and cartilage formation (Komori, Yagi
et al. 1997). Runx2 is involved in the RUNX family of
transcription factor. The KRunx? gene spans approximately
220kbp and located on human chromosome 6 and mouse
chromosome 17. RUNXZ2 recognizes 5° —PuACCPuCA-3’
or its complementary sequence 5 —TGPyGGTPy-3’
(Melnikova, Crute et al. 1993). RUNX2 protein exist in two
major types of isoforms (Geoffroy, Corral et al. 1998). The
MASNS isoform, transcribed from P1 promoter (the distal
promoter product, Runx2—type II), is involved in the later
stages of differentiation. The MRIPV isoform, transcribe
from P2 promoter (the proximal promoter product, Runx2—
typel), is involved in under—differentiated sutural
mesenchymal cells, pre—osteoblasts in osteogenic fronts
and osteocalcin—positive osteoblasts lining parietal bones
(Choi, Lee et al. 2002).

Runx?2 determines the lineage of mesenchymal stem
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cells to differentiate into osteoblast in concert with
Sp7/Osterix and canonical Wnt signaling (Komori 2010).
Runx?2 1is required from the early stage of osteoblast
differentiation to decide the fate of mesenchymal stem cells,
while Sp7 and Wnt signaling are necessary for the
determination of the osteoblast lineage and preventing the
mesenchymal cells from the differentiation into chondrocyte.
On the contrary, at a late stage, Runx?2 inhibits osteoblast
maturation. Runx?2 transgenic mice under the control of the
2.3 kb collal promoter show osteopenic symptoms with
decreased fully differentiated osteoblasts and increased less
mature osteoblasts (Liu, Toyosawa et al. 2001).
Furthermore, in the long—term culture of MC3T3—E1 cells
with osteogenic medium, the expression of Runx2 peaked on
the 4th day of differentiation and gradually decreased
thereafter (Cho, Yoon et al. 2009). According to these
findings, the timely expression of RunxZ2 is important in the
osteoblast differentiation.

Runx?2 1is regulated by a variety of osteogenic
signaling pathway including FGF (Park, Kim et al. 2010),
BMP (Jun, Yoon et al. 2010), TGF—=p52 (Lee, Kim et al.
2000) and WNT (Gaur, Lengner et al. 2005). As a central
regulator of osteogenic differentiation, Runx2 controls the
expression of bone marker genes such as alkaline
phosphatase, type 1 collagen, bone sialoprotein and
osteopontin in bone and cartilage (Otto, Liibbert et al. 2003).

Therefore, it is necessary to understand the role of Runx?2

17 A | _'-.'.'ZI_ .I_.ll =



and the mechanism of osteogenic differentiation regulated by

Runx?2.

9. Cleidocranial dysplasia

The mutations of RunxZ causes cleidocranial
dysplasia (CCD;OMIM#119600), an autosomal dominant
skeletal disease (Mundlos, Otto et al. 1997). CCD appears
with a prevalence of 1 per million regardless of gender or
race (Hordyjewska, Jaruga et al. 2017). The typical clinical
manifestations of CCD patients are short stature, delayed
closure of fontanelles and sutures, hypoplastic clavicles, and
other skeletal anomalies. Specifically, the craniofacial
features of CCD patients are an inverted pear—shaped
calvaria, a broad flattened nasal bridge and hypoplastic
maxillary bone causing midface retrusion and mandible
prognathism (Farrow, Nicot et al. 2018). Additionally, CCD
patients suffer from a variety of dental problems, such as
Class III malocclusion, prolonged retention of primary teeth,
delayed eruption of permanent teeth and hyperdontia.

A multidisciplinary approach is required for dental
management in CCD. For the high quality of life and
satisfying social life of CCD patients, dental treatment
considering normal functions and cosmetic aspects should be
performed. Several kinds of orthodontic—surgical regimens
are executed, including the Toronto—Melbourne, Belfast—
Hamburg, and Jerusalem approaches (Park, Vargervik et al.

2013). The Toronto—Melbourne approach is based on timed,
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serial extraction of primary teeth to support the
spontaneous eruption of permanent teeth, but the Belfast—
Hamburg approach requires a single surgical procedure to

extract all retained primary and supernumerary teeth with

expose of all unerupted teeth (Roberts, Stephen et al. 2013).

The Jerusalem approach is based on 2 surgical interventions
according to the state of the root development of the
permanent teeth. To restore craniofacial and dental function,
the planning of dental management is necessary considering
the needs, the age and social and economic conditions of

patients.

Runx?2 and dental development

Runx?2 is a master transcription factor for osteoblast
differentiation, but it is also essential for tooth development
and eruption. The expression of Runx2 in the dental papilla
and dental sac, give rise to odontoblasts and osteoblasts
respectively, implies their involvement in the differentiation
of odontoblasts and osteoblasts in the periodontium
(Camilleri and McDonald 2006). Runx2”~ mice showed an
arrest of tooth development at the cap stage with misshapen
tooth organs. The expression of mesenchymal Runx2,
regulated by dental epithelium, affects the growth and
differentiation of dental epithelium. Runx2 is necessary to
control morphogenesis and differentiation of the epithelial
enamel organ in the process of epithelial-mesenchymal

interactions (D'Souza, Aberg et al. 1999).
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The precise interaction between osteoblast and
osteoclast is essential to pave the eruption pathway. Csfl
(Colony—stimulating factor—1) knockout mice, known as
osteopetrotic op/op mice, show arrested tooth eruption. In
addition, Rankl (Receptor activator of nuclear factor kappa—
B ligand) knockout mice also fail to tooth eruption (Kong,
Yoshida et al. 1999). Opg (Osteoprotegerin) expression
pattern, a soluble decoy receptor binding to RANKL, is
correlated with osteoclast formation in murine dental follicle
cells (Wise, Lumpkin et al. 2000). Spatiotemporal
expression patterns of CSF1, RANKL and OPG determine
site—specific osteoclastogenesis during eruption process
(Heinrich, Bsoul et al. 2005).

In CCD patients, primary teeth erupt on time, but
permanent teeth show delayed eruption. Human dental
follicle cells isolated from CCD patients show decreased
RANKL/OPG ratio and osteoclast formation in the co—
culture system with peripheral blood mononuclear cells
(PBMCs) (Wang, Sun et al. 2016). Furthermore,
heterozygous Runx2 knockout mice also show delayed tooth
eruption at postnatal day & and 10 with decreased tartrate
resistant acid phosphate (TRAP)—positive osteoclasts on
the bone surface of erupting tooth (Yoda, Suda et al. 2004).
Runx2”~ mice show decreased osteoclast differentiation due
to the deficiency of Rankl (Enomoto, Shiojiri et al. 2003).
These results suggest that 1impaired alveolar bone

resorption causes delayed tooth eruption in CCD patients.
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II. Purpose of study

In order to maintain bone homeostasis, osteoblasts and
osteoclasts must function in a balanced manner. It is well known
that an imbalance between the two causes several bone disorders.
As a result, it is critical to control the activity of osteoblasts and
osteoclasts to preserve bone homeostasis.

NAM, a water—soluble vitamin B3, is well known for its
safety profile and has been used for a long time to treat various
diseases. As a one of the NAD+ precursors, NAM modulates the
action of sirtuins, a class III HDAC.

In this study, we sought to determine whether NAM regulate
osteoblast differentiation and, if so, what the mechanism is.
Additionally, the interaction between osteoblasts and osteoclasts is
crucial to resorb the alveolar bone around the erupting tooth. We
investigated the causes of the delayed tooth eruption in Runx2"~
mice and explored if NAM could restore them.

The purpose of this study is to evaluate the potential of
NAM as a candidate drug to regulate osteoblast differentiation,
which is crucial for sustaining bone homeostasis. Moreover, this
study was performed to elucidate the mechanism of delayed tooth
eruption symptoms in CCD and determine whether NAM treat this

by regulating cross—talk between osteoblasts and osteoclasts.
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ITI. Partl

Nicotinamide enhances osteoblast differentiation
through the activation of

mitochondrial antioxidant defense system
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Abstract

The normal physiological level of oxidative stress is
important for maintaining bone homeostasis. The i1mbalance
between reactive oxygen species (ROS) production and antioxidant
defense can cause various bone diseases such as osteoporosis.
Nicotinamide (NAM), an NAD" precursor, is the amide form of
vitamin B3 and has been used to treat various diseases. The
purpose of this study was to see whether NAM could support the
maintenance of bone homeostasis via regulating osteoblasts. Here,
we demonstrate that NAM significantly enhanced osteoblast
differentiation and mitochondrial metabolism during osteogenic
differentiation. We also observed that NAM increased the
expression of proliferator—activated receptor y coactivator a
(Pgcl—a), the key regulator of mitochondrial biogenesis, and
antioxidant enzymes, including SOD1, SOD2, UCP2, and TRXZ2.
NAM-—induced upregulation of antioxidant enzymes was due to
increased FOXO3a transcriptional activity and nuclear translocation
via SIRT3 activation. NAM also prevented not only the impairment
of osteoblast differentiation caused by chronic exposure to H202
accompanying mitochondrial dysfunction but also the apoptotic and
necrotic cell death caused by acute exposure of H2O2. In summary,
NAM increased mitochondrial biogenesis as well as antioxidant
enzyme expression via SIRT3—FOXO3a activation, promoting
osteoblast differentiation. Our study suggests NAM as a potential

preventive and therapeutic drug for bone health and bone diseases.
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Introduction

Reactive oxygen species (ROS) are highly reactive
molecules that are mainly generated from the mitochondrial electron
transport chain (ETC) (Alfadda and Sallam 2012). ROS are
inevitably produced during normal metabolic processes as a natural
byproduct and also play various roles in normal physiological
processes, activating signaling pathways to initiate biological
processes as “ secondary messengers in normal condition
(Auten and Davis 2009). The imbalance between ROS production
and the antioxidant defense system induces oxidative stress
(Wilson 2014, Kim, Kim et al. 2022).

Maintaining the balance of ROS 1is also important in bone
homeostasis and pathology (Balaban, Nemoto et al. 2005). SOD2, an
antioxidant enzyme, play a critical role in osteoblast differentiation
by regulating mitochondrial ROS at an appropriate level to avoid
their accumulation (Gao, Feng et al. 2018). ROS—induced oxidative
stress is also related to bone pathologies, such as bone aging
(Callaway and Jiang 2015), postmenopausal osteoporosis (Yang,
Cao et al. 2022) and osteoarthritis (Lepetsos and Papavassiliou
2016). Therefore, targeting the dysfunctional mitochondria
accompanying an imbalanced ROS level and regulating antioxidant
enzymes are potential targets to enhance bone health.

Among the several subcellular organelles that generate ROS,
mitochondria are the major source of intracellular ROS production,
accounting for over 90% of them (Balaban, Nemoto et al. 2005). To
maintain an appropriate level of ROS, various antioxidant enzymes
are involved in scavenging mitochondrial ROS (He, He et al. 2017).

The highly reactive radical superoxide molecules are catalyzed to a
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less—radical ROS, hydrogen peroxide, by the activity of the
superoxide dismutase (SOD) family (Richter, Konzack et al. 2015).
Next, these H2O2 molecules are further catalyzed into H2O by the
intervention of antioxidant enzymes such as catalase, thioredoxin
peroxidase, and glutathione peroxidase (Andreyev, Kushnareva et
al. 2005).

Nicotinamide (NAM), the water—soluble form of vitamin B3,
has been categorized as a food additive rather than a pharmaceutical
(Rolfe 2014) and showed a favorable safety profile in a clinical trial
(Chen, Martin et al. 2015). As one of the precursors of nicotinamide
adenine dinucleotide (NAD®), NAM can increase the level of NAD"
just like nicotinic acid (NA), nicotinamide mononucleotide (NMN),
and nicotinamide riboside (NR). NAD™ is a vital cofactor/coenzyme
in regulating cellular metabolism and energy homeostasis including
glycolysis in the cytosol, and the tri—carboxylic acid (TCA) cycle,
OXPHOS, and fatty acid and amino acid oxidation in the
mitochondria (Srivastava 2016). An increase in NAD" level by the
supplementation of its precursors, such as NAM, NA, and NR, was
reported to induce the activation of sirtuins (e.g., SIRT1 and
SIRT3) accompanying the activation of transcriptional regulators
(e.g., PGC—1a and FOXO) (Srivastava 2016) and increased
mitochondrial biogenesis and function (Canté and Auwerx 2012,
Cant6, Houtkooper et al. 2012). Modulating NAD+ levels using
these precursors may have benefits to protect cells from oxidative
stress via enhancing mitochondrial function.

In this study, we observed that NAM stimulates osteoblast
differentiation, and RNA—sequencing (RNA—seq) was performed to
fully understand the mechanism underlying NAM-—induced

osteogenic differentiation. We demonstrate that NAM significantly



enhanced osteoblast differentiation by alleviating mitochondrial
oxidative stress, and prevented ROS-—induced osteoblast

dysfunction.

2 A L



Materials and Methods

Cell culture and osteoblast differentiation

MC3T3—-E1 cells were cultivated in growth medium
composed of a—MEM with 10% fetal bovine serum containing 100
U/mL penicillin and 100 pg/mL streptomycin. The cells were
differentiated in osteogenic medium that was supplemented with 10
mM B—glycerophosphate and 50 pg/mL ascorbic acid in growth

medium 65.

Reagents

30% hydrogen peroxide solution (H1009) add nicotinamide
(N0O636) were purchased from Sigma—Aldrich (St. Louis, MO,
USA).

Alkaline phosphatase staining and alizarin red S staining

Alkaline phosphatase (ALP) staining and alizarin red S
(ARS) staining were performed as described previously 3. Briefly,
an ALP staining kit (COSMO BIO, Tokyo, Japan) was used and we
performed the staining in accordance with the manufacturer’s
protocol. For the ARS staining, mineralized cells were fixed with 4%
paraformaldehyde and stained with 0.5% alizarin red S staining

solution, pH 4.2, for 10 min at room temperature.

Reverse Transcription and Quantitative Real—Time Polymerase
Chain Reaction
Total RNA extraction from cells, reverse transcription and

quantitative real—time polymerase chain reaction were performed
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as described previously 66. Total RNA isolation was performed
using RNeasy Mini Kit (Qiagen, Mannheim, Germany). Total RNA
was reverse—transcribed into cDNA via the PrimeScriptTM RT
Master Mix (Takara Bio, Shiga, Japan) The Takara SYBR Premix
Ex Taq (Takara Bio) was used for gPCR in an Applied Biosystems
7500 RT-PCR system or a StepOnePlusTM Real—-Time PCR

System. The primes are listed in Supplemental Table 1.

Subcellular fractionation

NE—-PERTM nuclear and cytoplasmic extraction reagents
(Life Technologies, CA, USA) were used for nuclear—cytoplasmic
fractionation, in accordance with the manufacturer’s protocol. The
mitochondrial fraction was isolated with Mitochondria/Cytosol
Fractionation kit (abcam, Cambridge, UK), in accordance with the

manufacturer’s protocol.

siRNA transfection

When MC3T3—E1 cells reached approximately 70%—80%
confluence, they were transfected with 100 nM siRNA using
Lipofectamine RNAiMax Reagent (Invitrogen, USA) in accordance

with the manufacturer’s instructions 3.

Immunoprecipitation

Cell lysates were pre—cleared by incuabtion with Pierce TM
Protein G Magnetic Beads (Thermo ScientificTM, USA) for 30 min
on a rotator at 4°C. The supernatant was incubated overnight with
anti—acetyl lysine antibody (Cell Signaling Technology, USA) on a
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rotator at 4°C. The Protein G Magnetic Beads were added to the
supernatant and incubated for 2 h at 4°C. These beads were then
collected and washed five times with lysis buffer, followed by the
addition of protein sample buffer. The samples were subsequently

boiled for 10 min and used for immunoblotting 67.

Immunoblotting

Cellular proteins obtained using a PRO—PREP protein
extraction solution (INtRON, South Korea) were used for
immunoblotting (IB). The proteins were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS—PAGE)
and transferred through a polyvinylidene fluoride (PVDF)
membrane. Then, 5% nonfat skim milk in PBS containing 0.05%
Tween—20 was used for blocking. The membrane was incubated
with primary and secondary antibodies and developed via the
enhanced chemiluminescence method (ClarityTM Western ECL
substrate; Bio—Rad, CA, USA). FUSION FX (VILBER, France) was
used for visualization. IB was conducted using antibodies detecting
cytochrome ¢, a—TUBULIN (Santa Cruz, Biotechnology, Inc, USA),
PGCla, UCP2, TRXZ2 (Proteintech, USA), Total OXPHOS Rodent
WB Antibody Cocktail (abcam, UK), SOD2, FOX0O3a and Phospho—
FOXO03a (Ser253) (Cell Signaling Technology, USA).

Oxygen consumption rate

MC3T3—E1 cells were plated in XF 96—well microplates
(Agilent Technologies, USA). Oxygen consumption was measured
with an XF96 Extracellular Flux Analyzer (Agilent Technologies,
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USA) and Seahorse XF Cell Mito Stress Test Kit. The oxygen
consumption rate was measured using 1.5 uM oligomycin, 0.5 uM
FCCP, and 0.5 uM rotenone/antimycin A. The results were

normalized by counting the number of nuclei through Hoechst

33342 staining (Sigma—Aldrich, USA).

Biochemical analysis

The activity of SODZ was measured using a Superoxide
Dismutase Activity Assay kit (abcam, UK), in accordance with the
manufacturer’s protocol. The cellular ATP level was determined by
using an ATLP bioluminescence assay kit (Sigma—Aldrich, USA) in

accordance with the manufacturer’s instructions.

Intracellular ROS determination

Cellular ROS were visualized using CellROXTM Deep Red
Reagent (Invitrogen, USA) and observed by confocal microscopy
(Zeiss, Germany). MitoSOXTM Red Reagent was used to determine
the mitochondrial ROS level. Briefly, MC3T3—E1 cells were seeded
on coverslips and cultured with 5 M NAM in osteogenic medium
and the cultured cells were then stained with 5 #M CellROXTM or
MitoSOXTM diluted in HBSS for 20 min at 37C. Hoechst 33342
was used to visualize the nucleus. The coverslips were washed
three times with HBSS and observed by confocal microscopy (LSM

800 Airyscan; Zeiss, Germany).

Luciferase reporter assay
The transcription—activating activity of FOXO3a was
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evaluated with the FHRE-Luc reporter gene purchased from
Addgene. Passive lysis buffer, Bright—Glo Luciferase Assay
System, and GloMax—Multi Detection System (Promega, USA)

were used to measure luciferase activity 68.

Immunofluorescence staining and confocal microscopy
Immunofluorescence analysis was performed as described
previously 3. In brief, cells were plated and cultured on coverslips.
The cells were fixed, permeabilized and stained with the designated
primary and secondary antibodies. After 4’ ,6—diamidino—2—
phenylindole (DAPI) staining (Sigma—Aldrich, USA), the coverslips
were mounted on slide glasses for visualization using an LSM 800

confocal microscope (Zeiss, Germany) 69.

Quantification of YH2AX foci

Quantification of y—HZ2AX foci was performed as previously
described 3. Briefly, cells were treated with 10 pyM NAM in
osteogenic medium and stained with anti— yH2AX antibody (Cell
Signaling Technology, USA). The nucleus was stained with DAPI
and visualized via confocal microscopy. The number and intensity of
y —H2AX foci were analyzed by Imagel software. Cells with 10 or

more foci with an intensity of =10,000 were counted.

Flow cytometry

Apoptosis was evaluated using an FITC Annexin V/Dead Cell
Apoptosis  Kit (Invtirogen, USA), in accordance with the
manufacturer’s instructions. MC3T3—E1 cells were treated with
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H202 and NAM, and then harvested and washed with ice—cold PBS.
The cells were stained with FITC—labeled annexin V and PI at RT
for 10min and analyzed by a fluorescence —activated cell sorter flow
cytometer (FACSverse; BD, USA). At least 20,000 cells were used

for each experiment were performed in triplicate.

RNA—sequencing analysis

MC3T3—-E1 cells were treated with 10 pM NAM in the
presence or absence of 100 uM H202 for 4 or 10 days. Total RNA
isolation was performed using a RNeasy Mini Kit. Total RNA
concentration was calculated using Quant—IT RiboGreen (#R11490;
Invitrogen). To assess the integrity of the total RNA, samples were
run on the TapeStation RNA screentape (#5067—-5576; Agilent).
High—quality RNAs with RNA Integrity Number (RIN) greater than
7.0 were used for RNA library construction.

A library was independently prepared with 1 g of total RNA
for each sample using an [llumina TruSeq Stranded mRNA Sample
Prep Kit (#RS—122—-2101; Ilumina, Inc., San Diego, CA, USA).
The first step in the workflow involves purifying the poly-A
containing mRNA molecules using poly-T-attached magnetic beads.
Following purification, the mRNA was fragmented into small pieces
using divalent cations under an elevated temperature. The cleaved
RNA fragments were copied into first strand c¢DNA using
SuperScript II reverse transcriptase (#18064014; Invitrogen) and
random primers. This was followed by second strand cDNA
synthesis using DNA Polymerase I, RNase H and dUTP. These

cDNA fragments then underwent an end repair process, the addition
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of a single ‘A’ base, and then ligation of the adapters. The products
were then purified and enriched by PCR to create the final cDNA
library.

The libraries were quantified using KAPA Library
Quantification kits for Illumina Sequencing platforms, in accordance
with the gPCR Quantification Protocol Guide (#KK4854; KAPA
BIOSYSTEMS) and qualified using the TapeStation D1000
ScreenTape (# 5067—5582; Agilent Technologies). Indexed
libraries were then submitted to Illumina NovaSeq (Illumina, Inc.,
San Diego, CA, USA), and paired—end (2x100 bp) sequencing was

performed by Macrogen, Inc. (Seoul, South Korea).

RNA—sequencing data processing

Paired—end RNA—-seq data obtained from three biological
replicates were analyzed under the conditions of Vehicle (Veh), 10
pM NAM, 100 pM H20g, and 100 pM H20:2 in combination with 10 pM
NAM for 4 or 10 days with osteogenic medium in MC3T3—E1l
preosteoblasts. The average read depth was 1.2 107 read
pairs/sample. Reads were aligned to the mouse genome (mm10)
using bcbio—nextgen (v1.2.9), which includes Bowtie2 (v2.2.5) 70,
Samtools (v1.13) 71, and Sambamba (v0.8.2) 72,73. The
expression calling was performed using Salmon (v1.7.0) 74 and

Kallisto (v0.46.2) 75.

Differentially expressed gene (DEG), Gene Ontology (GO) and
correlation analysis
DESeq?2 (v1.32.0) 76 was performed for DEGs analysis with
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adjust p value<0.05 and fold change>1.2. EnrichGO and gofilter of
cluster profiler (v4.0.5) 77 were used for GO analysis. Correlation
analysis was performed to determine the relationship among DEGs,
included in GO analysis. This analysis used baseMean, log?2 fold
change, and statistical parameter information calculated by

performing DEG analysis, through corrplot (v0.92) 78.

Statistics

Each experiment was performed at least two or three times,
and representative results are shown in the figures. The
significance of differences was evaluated by Student’s t test with
Prism 9 software (GraphPad Software, USA). Data are presented as
mean = SD, and differences were considered significant at P < 0.05.
P values are as follows: * < 0.05; *xF < 0.01; ##x/ < 0.001; ##x+P <
0.0001.
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Results

NAM stimulated osteoblast differentiation and

mitochondrial respiration in osteoblasts

To investigate whether NAM promotes osteoblast
differentiation, MC3T3—E1 osteoblasts were treated with NAM in
osteogenic medium. As shown in Figure 1.1A, ALP and ARS
staining showed that ALP activity and mineralization were enhanced
in an NAM dose—dependent manner, and 10 #M NAM had the
greatest effect on osteoblast differentiation (Figures 1.1B, C). The
expression levels of marker genes of osteoblast differentiation
including Kunx’?, Osx, DIix5, Bsp, Mepe, Opn and Ocn, were
significantly increased by NAM treatment (Figure 1.2). In particular,
late osteoblast differentiation markers, Ocn, Opn, and Mepe, were

very highly stimulated by NAM treatment.
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Figure 1.1. Nicotinamide (NAM) stimulated  osteoblast
differentiation.

(A) ALP and Alizarin Red S (ARS) staining were performed in
MC3T3—E1 cells cultured in osteogenic media supplemented with
the indicated concentrations for NAM for 5 and 12 days,
respectively. (B—C) Quantification of each staining was performed
by ImagelJ. Data are expressed as mean = SD. NAM, nicotinamide.

#20.05. ##/X0.01. ##%<0.001. ###%<0.0001. ns, not significant.
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Figure 1.2. NAM increased the expression of osteogenic marker
genes in MC3T3—E1 cells.

MC3T3—E1 cells cultured in osteogenic media supplemented with
the indicated concentrations for 10 M NAM for 12 days,
respectively. The mRNA levels of osteoblast differentiation marker
genes were determined by RT—qPCR. Data are expressed as mean
+ SD. NAM, nicotinamide. #/X0.05. ##/X<0.01. ###/X<0.001.

#xx%/2<0.0001. ns, not significant.

37



To understand the mechanism by which NAM-stimulated
osteoblast differentiation, MC3T3—E1 cells were treated with or
without NAM during osteogenic differentiation for 4 or 10 days,
followed by RNA sequencing analysis (RNA—seq). In total, the
number of differentially expressed genes (DEGs) was higher on day
10 (3,858 genes) than on day 4 (2,246 genes). MA plots showed
differential gene expression and the genes congregated around log2
fold change 0.5 (approximately 1.4 times) on both days (Figures
1.3A—B). Consistent with the results shown in Figure 1.1 and
Figure 1.2, Gene Ontology (GO) analysis on the DEGs upregulated
by NAM treatment showed the enrichment of GO terms regarding
osteoblast differentiation and regulation of ossification on both day

4 and day 10 (Figure 1.3C).
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Figure 1.3. RNA—seq analysis on the DEGs regulated by NAM
treatment for 4 or 10 days in MC3T3—E1 cells.

(A—B) The differential expression of genes by 10 M NAM were
visualized using MA plots on day 4 (A) and day 10 (B).

(C) GO analysis was performed using upregulated and
downregulated DEGs by NAM on day 4 and 10. GO terms were

selected and sorted based on enrichment score.
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Given that gene expression correlation analysis can be
used to identify functional correlations between genes (Oliver, Lukic
et al. 2014, Miller and Bishop 2021), correlation analysis of DEGs
upregulated by NAM was performed here to identify genes
associated with NAM-—induced osteoblast differentiation (Figures
1.4A and 1.6A). On day 4, osteoblast differentiation and response to
oxygen level showed correlation in cluster 4 (Figure 1.5D).
Furthermore, genes related to the cell cycle were highly enriched in
all clusters (Figure 1.4B). On day 10, oxidative stress—related
genes were included in all clusters (Figure 1.6B), and we found that
osteoblast differentiation and response to oxidative stress were
associated together in cluster 4 (Figure 1.7D). The genes affiliated
with cluster 4 were shown using a heatmap (Figure 1G). These
genes included Ndufa6, Gpx8, and Foxo3a, which are involved in
regulating oxidative stress as well as SodZ, which encodes a
mitochondrial antioxidant enzyme. These results suggested that the
enhancement of osteoblast differentiation by NAM might be related

to the regulation of oxidative stress.
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Figure 1.4. Correlation analysis of DEGs upregulated by NAM in

MC3T3—E1 cells on day 4.

(A) Correlation analysis of upregulated genes by NAM on day 4. A

normalized correlation matrix was performed to show correlation

among genes.

(B) GO analysis was performed with genes included in each cluster.

GO terms commonly included in all clusters are indicated.
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(B) GO analysis was performed with genes included in each cluster.

GO terms commonly included in all clusters are indicated.
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NAM relieves mitochondrial ROS by enhancing mitochondrial
antioxidant enzymes

To determine the effect of NAM on the cellular oxidative
stress level, MC3T3—E1 cells were stained with a fluorogenic
probe, CellROX™ which measures the ROS level in the cytosol, and
MitoSOX™ which measures superoxide production in mitochondria.
We observed that NAM treatment significantly reduced the
accumulation of ROS in the cytosol (Figures 1.9A and B) and

superoxide production in the mitochondria (Figures 1.9C and D).
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Figure 1.9. NAM reduces cellular and mitochondrial ROS.

(A) The oxidative stress in MC3T3—E1l cells was determined by
CellROX™ reagent after 10 ¢M NAM treatment with osteogenic
media for 7 d. (B) The fluorescence intensity of (A) was calculated
via ImageJ. (C) Mitochondrial superoxide was detected by
MitoSOX™ mitochondrial superoxide indicator in MC3T3—E1 cells
after 10 M NAM treatment in osteogenic media. (D) The
fluorescence intensity of (C) was measured by Image]. Data are
expressed as mean * SD. NAM, nicotinamide. #/<0.05. ##/<0.01.
###[2X0.001. ####<0.0001. ns, not significant.
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PGC1— e is a transcriptional coactivator that plays a central
role in the expression of genes acting against oxidative stress in
combination with FOXO3a (Olmos, Valle et al. 2009). PGCl @ is
also known to promote mitochondrial biogenesis and enhances the
capacity of cells to detoxify ROS, allowing cells to efficiently
produce ATP and respire with less oxidative stress (Austin and St—
Pierre 2012). For this reason, we measured the mRNA levels of
FPgcl— @ and its downstream detoxifying genes in MC3T3—E1 cells
treated with NAM for 4 and 7 days. NAM increased the expression
levels of Pgcl—ew, UcpZ Trx2, Sodl and Sod? in differentiating
MC3T3—-E1 cells (Figures 1.10A—E). NAM also significantly
increased the enzymatic activity of SODZ2, a key mitochondrial
antioxidant enzyme, in differentiating MC3T3—E1 osteoblast cells

(Figure 1.10F).
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Figure 1.10. NAM stimulated the expression of antioxidant enzymes.
(A—E) The mRNA expression level of Pgcl—a and ROS scavenger
enzymes in MC3T3—-E1l cells cultured in osteogenic medium
supplemented with or without 10 uyM NAM for 4 and 7 d was
determined by RT—-qgPCR. (F) The mitochondrial fraction was
isolated from the culture of the same condition to measure SODZ2
enzymatic activity. Data are expressed as mean = SD. NAM,
nicotinamide. #/<0.05. ##/<0.01. ###/<0.001. ##*x/}<0.0001. ns, not

significant.



To investigate whether NAM upregulates the expression of
ROS—detoxifying enzymes through Pgcl—a, MC3T3—E1l cells
were treated with small interfering RNAs (siRNAs) targeting
Pgcl—a were treated in MC3T3—E1 cells. siPgcl ¢ efficiently
knocked down the expression of Fgcl/—« and NAM increased
Pgcl— @ expression in both siCtrl— and siPgcl— a —transfected
MC3T3-E1 cells (Figure 1.11A). As previously reported, Pgcl— &
knockdown significantly decreased the mRNA levels of UcpZ2, Trx’2,
Sodl and SodZ2 (Figures 1.11B—E). The increase of the expression
of mRNAs encoding ROS—detoxifying enzyme by NAM in siPgcl a
—transfected cells was much lower than that in siCtrl—transfected

cells.
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Figure 1.11. Pgcl— # knockdown decreased the expression of ROS
scavenger enzymes.

(A—E) To understand the influence of Pgcl—a to the ROS
scavenger enzyme gene expression, MC3T3—E1 cell transfected
with siCtrl or siPgclea were cultured in osteogenic media with or
without 10 uM NAM for 4 d. Data are expressed as mean + SD.
NAM, nicotinamide. #/<0.05. ##/%<0.01. »*»#/<0.001. *=»*%<0.0001.

ns, not significant.
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Consistent with this, the protein levels of ROS—detoxifying
enzymes were increased by NAM treatment in MC3T3-El
osteoblast cells (Figure 1.12). These results suggest that NAM
relieves mitochondrial oxidative stress by inducing the expression

of antioxidant enzymes.
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Figure 1.12. NAM increased the protein expression level of
antioxidant enzymes.

MC3T3—E1 cells were cultured in osteogenic media with or without
10 uM NAM for 7 d. The protein expression level of ROS scavenger
enzymes was determined by immunoblot analysis. NAM,

nicotinamide.
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NAM induces antioxidant enzymes expression

through SIRT3/FOX03a axis.

Treatment with nicotinamide riboside (NR), one of the NAD™
precursors, is known to increase NAD' levels and activate SIRTS3,
an NAD"—dependent protein deacetylase (Brown, Magsood et al.
2014). NAM was also found to activate SIRTI1, resulting in
improved liver function. (Wan, Li et al. 2018). Because SIRT3 is
located in the mitochondria and regulates mitochondrial functions
(Zhang, Xiang et al. 2020), we tested whether NAM treatment also
promotes SIRT3 activity in osteoblast cells. MC3T3—E1 osteoblast
cells were treated with NAM and the mitochondrial fraction was
isolated to determine mitochondrial SIRT3 activity. The results
showed that such activity was increased by NAM treatment in a
dose—dependent manner in MC3T3—E1 cells (Figure 1.13A). The
mRNA level of Sirt3 was also significantly upregulated by treatment

with 10 M NAM in MC3T3—E1 cells (Figure 1.13B).
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Figure 1.13. NAM stimulated the activity and expression of Sirt5.
(A) Mitochondrial fraction was isolated after 10 uM NAM treatment
with osteogenic media. SIRT3 activity was determined with the
mitochondrial fraction via SIRT activity assay kit. (B) MC3T3-E1
cells were treated with 10 uM NAM in osteogenic media for 4 and 7
d. The mRNA level of Sirt3 was determined by RT—qPCR. Data are
expressed as mean = SD. NAM, nicotinamide. #/<0.05. ##/<0.01.
#xx<0.001. ###x<0.0001. ns, not significant.
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SIRT3 promotes the transcription—activating activity of
FOX03a, by decreasing the latter ° s acetylation and
phosphorylation, which in turn induces the expression of genes
encoding anti—oxidant enzymes (Kenny and Germain 2017,
Sidorova—Darmos, Sommer et al. 2018). We investigated whether
NAM regulates the activity of FOX03a by using FOX0O3a reporter,
FHRE—Luc plasmids. NAM significantly increased both the
endogenous FOXO03a transactivation activity (Figure 1.14A), and
the activity of exogenous transfected FOXO3a transcription—

activating activity in MC3T3—E1 osteoblast cells (Figure 1.14B).
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Figure 1.14. NAM increased transcriptional activity of FOX0O3a.

(A) The transacting activity of FOX0O3a was measured in MC3T3—
E1 cells transfected with a FHRE—Luc after NAM treatment. (B)
The luciferase activity was determined followed by co—transfection
of a FHRE—-Luc and a control plasmid (pcDNA3.1) or with plasmids
expressing FOXO3a and treatment of NAM. Data are expressed as
mean += SD. NAM, nicotinamide. #/%<0.05. ##/%<0.01. ##»/<0.001.
#x%42<0.0001. ns, not significant.
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SIRT3 physically interacts with FOXO3 in mitochondria and
promotes the transcriptional activity of FOXO3a(Jacobs, Pennington
et al. 2008). SIRT3 regulates the deacetylation of FOXO3a,
followed by the reduction of its phosphorylation, ubiquitination, and
degradation (Tseng, Wu et al. 2014). Moreover, the FOX0O3a-—
dependent mitochondrial enzymes, such as SOD2, Prx3, Prx5 and
Trx2, are involved in ROS detoxification. The acetylation of
FOX03a was diminished by NAM treatment in MC3T3—E1 cells
(Figure 1.15A). The de—phosphorylation of FOX0O3a at S253 was
also reported to stimulate the translocation of FOXO3a from the
cytoplasm to the nucleus (Tseng, Wu et al. 2014, Kim, Lee et al.
2017). The phosphorylation level of FOX0O3a (S253) was decreased
by NAM in a dose—dependent manner without affecting the FOX03a
protein level (Figure 1.15B). Next, we examined whether NAM
regulates the subcellular localization of FOXO3a. The NAM
treatment increased the translocation of FOXO3a from the
cytoplasm to the nucleus in MC3T3—-E1l cells (Figure 1.15C).
Taking these findings together, NAM activates SIRT3 and FOXO3a,
which in turn promotes the expression of mitochondrial antioxidant

enzymes to facilitate ROS detoxification in osteoblasts.
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Figure 1.15. NAM increased the activity of FOX03a by regulating
its post—translational modification.

(A) The acetylation level of FOXO3a was determined by
immunoprecipitation (IP) with acetylated—lysine antibody followed
by immunoblot analysis with FOXO3a antibody. (B) MC3T3-El
cells were treated with the indicated concentrations of NAM in
osteogenic media and cell lysates were immunoblotted with the p—
FOXO03a (S253) and FOX03a antibody. (C) MC3T3-E1 cells were
treated with NAM in osteogenic media for 4 d, followed by
subcellular fractionation. The subcellular localization of FOXO3a

was determined by immunoblot analysis. NAM, nicotinamide.
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NAM improved mitochondrial function during

osteoblast differentiation.

Excessive oxidative stress reduces mitochondrial function
in osteoblasts (Ding, Zhao et al. 2016). Therefore, we tested
whether NAM also regulates mitochondrial function in osteoblasts.
First, to investigate the effect of osteoblast differentiation on
mitochondrial respiration, we measured the oxygen consumption
rate (OCR) before differentiation (day 0) and on days 4, 7, and 14
of differentiation of MC3T3—E1 cells. OCR significantly increased

during the differentiation period (Figures 1.16A—H).
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Figure 1.16. The measurement of mitochondrial respiration during
osteoblast differentiation using XF96 Extracellular Flux Analyzer.

(A) MC3T3-E1l cells were cultivated in osteogenic medium for
indicated days and the Oxygen Consumption Rate (OCR) was
measured with an XF96 Extracellular Flux Analyzer (n=3). The
summary of curved OCR plot (A) was calculated and displayed with
bar plots (B—H). Data are expressed as mean * SD. NAM,
nicotinamide. #/<0.05. ##/X<0.01. ###/<0.001. ####<0.0001. ns, not

significant.
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As NAM improved mitochondrial respiration in
undifferentiated osteoblasts (Figures 1.17A-H), we investigated
whether it can reinforce it in differentiating osteoblast cells. NAM
was applied to MC3T3—E1 cells during osteogenic differentiation.
NAM increased the OCR in differentiating MC3T3—E1 cells cultured

in differentiation medium for 7 days (Figures 1.18A—H).
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Figure 1.17. NAM enhances mitochondrial function in
undifferentiated osteoblasts.

(A) MC3T3-E1 cells were cultivated in growth medium for 1 day
and the OCR was measured with an XF96 Extracellular Flux
Analyzer (n=3). The summary of curved OCR plot (A) was
calculated and displayed with bar plots (B—H). Data are expressed
as mean * SD. NAM, nicotinamide. #/X0.05. ##/X0.01. ##x/<0.001.

##x%x2<0.0001. ns, not significant.
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Figure 1.18. NAM enhances mitochondrial function in osteoblast
differentiation.
MC3T3—E1 cells were -cultured in the osteogenic medium

supplemented with or without 10 uM NAM for 7 days, and OCR was

measured and the meaning of which was analyzed with the bar plots.

The summary of curved OCR plot (A) was calculated and displayed
with bar plots (B—H). Data are expressed as mean * SD. NAM,
nicotinamide. #/<0.05. #*/<0.01. ###/<0.001. ##»+<0.0001. ns, not

significant.
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Because the mitochondrial OCR was increased by NAM
treatment, we investigated the changes in expression of
mitochondrial biogenesis—related marker proteins. The protein
levels of cytochrome c¢ and peroxisome proliferator—activated
receptor 7y coactivator—1a (PGC—1a@) were increased by
treatment with 10 #M NAM during the differentiation of MC3T3—
E1l cells for 7 days (Figure 1.19A). In addition, the levels of other
oxidative phosphorylation—related proteins were examined using an
antibody cocktail that recognizes subunits of each mitochondrial
respiratory chain complex, Complex I subunit NDUF&8, Complex II
SDHB, Complex III UQCRCZ2, Complex IV MTCO1, and Complex V
ATPba. NAM increased the protein levels of all subunits of
complexes -V compared with the findings from wvehicle—treated
cells (Figure 1.19B). We further quantified the ratio of
mtDNA:nDNA after amplification of the mitochondrial and nuclear
genomes, as another representative marker of mitochondrial
biogenesis (Malik, Czajka et al. 2016, Quiros, Goyal et al. 2017,
Popov 2020). The results showed that NAM significantly increased
this ratio (Figure 1.19C). Consistent with this, NAM treatment also
significantly increased the ATP level in MC3T3—E1 osteoblast cells
(Figure 1.19D). These results indicate that NAM enhances
mitochondrial function, which plays an important role in supplying

the energy necessary for osteogenic differentiation.
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Figure 1.19. NAM enhances mitochondrial function in osteoblast
differentiation.

(A) The protein expression level of Cytochrome C and PGC1—a in
the same culture condition was assessed by immunoblot analysis.
(B) The protein levels of OXPHOS mitochondrial complexes were
measured by immunoblot analysis using total OXPHOS Rodent WB
antibody cocktail. (C) The relative copy number of mitochondrial
DNA (mtDNA) and nuclear DNA (nDNA) from the same culture
condition was evaluated by RT—qgPCR. The mtDNA/nDNA ratio was
calculated by comparing the AACt values. (D) MC3T3-E1 cells
cultured under the same condition was measured the ATP levels.
Data are expressed as mean = SD. NAM, nicotinamide. #/<0.05.

##[2X0.01. ###/<0.001. ##»+<0.0001. ns, not significant.

69 A 2- 1l



NAM prevents osteoblast damage induced by H:0.

oxidative stress.

The accumulation of oxidative stress is strongly related to

reduced bone mineral density and impaired osteoblast

differentiation (Basu, Michaélsson et al. 2001, Kim, Kim et al. 2022).

Because we observed that NAM induced the expression of
mitochondrial antioxidant enzymes in osteoblasts, we tested
whether NAM treatment relieves the ROS—damaged osteoblasts.
MC3T3—E1 cells were treated with NAM in the presence or
absence of 100 M H20. during osteogenic differentiation for 4 or
10 days. ALP and ARS staining results showed that NAM prevented
the impairment of osteoblast differentiation caused by chronic

exposure to 100 M H20: (Figures 1.20A-C).
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Figure 1.20. NAM prevents ROS—impaired osteoblast differentiation.
(A) ALP and ARS stainings were performed after 10 pM NAM
treatment with osteogenic media in the presence or absence of 100
uM H20z for 5 and 12 days, respectively. (B—C) Quantification of
each staining was performed by ImagelJ. Data are expressed as
mean * SD. NAM, nicotinamide. #/<0.05. ##/X<0.01. ###/<0.001.
#x#%/2<0.0001. ns, not significant.
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RNA—seq analysis was performed to identify the effect of
NAM on osteoblasts—damaged by H:0.. When the cells were
treated with only H20: for 4 days, 405 genes were upregulated and
228 genes were downregulated (Figures 1.21A and B). Meanwhile,
on day 10, 247 genes were upregulated and 298 genes were
downregulated by H:0: treatment (Figures 1.22A and B). The
genes downregulated by H:0: were associated with GO terms
related to osteoblast differentiation on both day 4 and day 10,
particularly on day 10 (Figures 1.21B and 1.22B).
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Figure 1.21. RNA—seq analysis of H2O2—induced gene expression
in osteoblasts on day 4.

(A—B) GO analysis of upregulated or downregulated DEGs by 100
uM Hz202 on day 4. The top 20 GO terms are selected based on

adjusted p—value and sorted by enrichment score.
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Figure 1.22. RNA—seq analysis of H2O2—induced gene expression
in osteoblasts on day 10.

(A—B) GO analysis of upregulated or downregulated DEGs by 100
uM H202 on day 10. The top 20 GO terms are selected based on

adjusted p—value and sorted by enrichment score.
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To determine whether NAM enables osteoblasts to recover
from ROS—induced damage, GO analysis was performed on genes
whose expression was decreased by H202 but restored by NAM. On
day 4, the expression of only six genes was restored by NAM
(Figure 1.23A). However, on day 10, the expression of 114 genes
was significantly restored by NAM, these genes were particularly
associated with GO terms related to osteoblast differentiation or

bone formation (Figure 1.23B).
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H,0,-decreased DEGs restored by NAM

Genes

Day4 Gab2, Cd200, Larp1b, Sgk3, Ptpn3, Col22a1

GO of H,0,-decreased DEGs restored by NAM on Day 10

endochondral bone morphogenesis
cartilage development involved in endochondral bone morphogenesis
bone morphogenesis -

polysaccharide biosynthetic process 4

bone mineralization

odontogenesis of dentin-containing tooth -
inner ear morphogenesis -

odontogenesis

biomineral tissue development

ear morphogenesis

bone development

cellular response to reactive oxygen species
response to BMP -

skeletal system morphogenesis
extracellular matrix organization

cartilage development -

embryonic organ morphogenesis -
respiratory system development -
morphogenesis of a branching epithelium-
sensory organ morphogenesis -

0.

0 0.02 0.04 0.06
Normalized ES

o

0.08

Figure 1.23. GO analysis of H2O2—decreased DEGs restored by

NAM in osteoblasts.

(A) HoOo—decreased DEGs restored by NAM on day 4 are listed in
table. (B) H:0s—decreased DEGs restored by NAM were

investigated by GO analysis in biological process on day 10. Top 20

GOs are selected and listed based on adjusted P—-value and

enrichment score, respectively.
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A correlation test was performed on the DEGs whose
expression was decreased by H2O» but restored by NAM, included
in the top 20 GOs (Figure 1.24). Next, we listed the top 10 ranked
GO in each cluster (Figures 1.25—27). Interestingly, cellular
response to reactive oxygen species and bone mineralization were
related in the first cluster (Figure 1.25). Overall, the expression of
80% of genes involved in cellular response to reactive oxygen
species was decreased by H202 but restored by co—treatment with
H202 and NAM. In addition, cluster 1 contained KunxZ and Wnt10b,
which are crucial factors in osteoblast differentiation. Cluster 2,
included genes associated with many GO categories related to bone
development and cartilage development (Figure 1.26), such as
Mmpl3, Vdr and Dix5. Genes in cluster 3 were related to GO
categories, including cartilage development, bone development, and

extracellular matrix organization (Figure 1.27).
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Figure 1.24. Correlation matrix plot on the DEGs whose expression
was decreased by H202—restored by NAM. Related to Figure 1.23B.
Correlation analysis of DEGs, included in the top 20 GOs (Figure
1.23B) decreased by 100 #M H»0» and restored by 10 M NAM on
day 10. A normalized correlation matrix was performed to show

correlation among genes.
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Figure 1.25. The correlated GO terms and gene list of cluster 1.
Related to Figure 1.24.

H2Os.—decreased DEGs restored by NAM were investigated by GO
analysis on day 10 (Figure 1.21.B). The circular bar plot (left top)
showed GO terms correlated in cluster 1. The UpSet plot (right

bottom) indicated the genes included in cluster 1 of Figure 1.22..
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Figure 1.26. The correlated GO terms and gene list of cluster 2.
Related to Figure 1.24.

H2Os2—decreased DEGs restored by NAM were investigated by GO
analysis on day 10 (Figure 1.21.B). The circular bar plot (left top)
showed GO terms correlated in cluster 2. The UpSet plot (right

bottom) indicated the genes included in cluster 2 of Figure 1.22..
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Figure 1.27. The correlated GO terms and gene list of cluster 3.
Related to Figure 1.24.

H2Os2—decreased DEGs restored by NAM were investigated by GO
analysis on day 10 (Figure 1.21.B). The circular bar plot (left top)
showed GO terms correlated in cluster 3. The UpSet plot (right

bottom) indicated the genes included in cluster 3 of Figure 1.22..
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Our RNA-seq results, showed that the expression of
CollAl, CollA2 and Vdr genes associated with osteoporosis (as
revealed by OMIM disease enrichment analysis) was decreased by
H20. (Table 2). Interestingly, NAM restored the HxOs—decreased
expression of Col/lAl and Vdr (Table 3). These results suggest
that NAM can prevent osteoblast dysfunction caused by oxidative

stress.
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Table 2. Enrichment analysis based on OMIM disease libraries for

H202—decreased DEGs

Term

Overlap Adjusted P-value

Combined Score

Genes

osteoporosis 3M 0.007417265 190.5643617 COL1A1;COL1A2;VDR
ehlers-danlos 3 0.007417265 190.5643617 COL1A1;,COL1A2; TNXB
hypertension 2/29 0.459410905 13.16195516 PTGIS;AGT
alopecia 17111 0.459410905 12.47958022 HR
hypothyroidism 1M1 0.459410905 12.47958022 TG
skin/hair/eye pigmentation 1712 0.459410905 10.86386938 MC1R
long gt syndrome 112 0.459410905 10.86386938 KCNH2
anomalies 113 0.459410905 9.555886574 RUNX2
rheumatoid arthritis 113 0.459410905 9.555886574 PTPN22
88
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Table 3. Enrichment analysis based on OMIM disease libraries for

H20O2—decreased DEGs restored by NAM

Term Overlap Adjusted P-value = Combined Score Genes
osteoporosis 2/11 0.017127866 251.2087451 COL1A2;VDR
hypothyroidism 1 0.136997884 49.20758107 TG
ehlers-danlos 1M 0.136997884 49.20758107 COL1A2
anomalies 113 0.136997884 38.63591875 RUNX2
myopia 115 0.136997884 31.38589486 COL2A1
hypogonadism 1/15 0.136997884 31.38589486 CHD7
lymphoma 1/22 0.165094954 17.87363593 BCL7A
deafness 211 0.165094954 6.558998122 TMIE;COL2A1
obesity 1131 0.1805597 10.64289988 SDC3
neuropathy 1/35 0.181466527 8.818608039 SLC12A6
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ROS are known to impede mitochondrial function (Peoples,
Saraf et al. 2019). Therefore, we determined whether NAM could
regulate ROS—damaged mitochondrial function. We observed that
NAM prevented the reductions of mitochondrial respiration and
oxygen consumption rate caused by treating MC3T3—E1 osteoblast

cells with H20s (Figures 1.28A—H).
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Figure 1.28. NAM prevents ROS—induced mitochondrial impairment
in osteoblasts.

The mitochondrial OCR was evaluated after the treatment of 10 uM
NAM together with or without 100 puM H20:2 containing osteogenic
medium for 7 d in MC3T3—E1l cells using an XF96 Extracellular
Flux Analyzer. The parameters calculated from the curved OCR plot
(A) were described into bar plots (B—H). Data are expressed as
mean = SD. NAM, nicotinamide. #/<0.05. ##/<0.01. =##+#/<0.001.

##x%xx2<0.0001. ns, not significant.
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The accumulation of y H2ZAX foci, involving histone HZA.X
phosphorylation, is a biomarker for DNA damage and genotoxicity
accompanying the DNA damage response (DDR) (Stope 2021). As
previously reported (Kim, Kim et al. 2022), H:0. treatment
increased the number of MC3T3—E1 osteoblast cells with y HZAX
foci (Figures 1.29A and B). NAM significantly ameliorated the
accumulation of y H2AX foci that occurred at the basal level as well

as that induced by H202 treatment.
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Figure 1.29. NAM protects ROS—induced DNA damage in
osteoblasts.

MC3T3—-E1 cells were treated with 100 M of H202 in combination
with or without 10 M of NAM for 24 h. (A) Immunostaining was
performed using y H2AX antibody (red) and DAPI (blue). (B) To
quantify the number of cells with y H2ZAX foci, the cells containing
=10 foci were counted. Data are expressed as mean * SD. NAM,
nicotinamide. #/<0.05. #*/<0.01. ###/<0.001. #*#%/<0.0001. ns, not

significant.



Excessive ROS can result in cellular apoptosis accompanied
by the release of cytochrome ¢ from damaged mitochondria, which
in turn disrupts redox homeostasis in tissues (Kannan and Jain
2000, Arfin, Jha et al. 2021). We investigated whether NAM
alleviates the apoptosis of osteoblasts damaged by acute exposure
to excessive Ho0s. Treatment with 300 M Hs0s caused acute
oxidative damages that significantly decreased the population of
Annexin V— and propidium iodide (PI)—negative healthy live cells,
but significantly increased both Annexin V— and Pl—positive late
apoptotic cells, and PI—positive and Annexin V-—negative necrotic
cells (Figures 1.30A—-E). Co-—treatment with H:O: and NAM
significantly increased the population of live cells compared with
that upon H2Ootreatment alone.

Taking these findings together, NAM prevents osteoblasts
from suffering H2O2—induced acute or chronic oxidative damage to

mitochondria and DNA.
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Figure 1.30. NAM prevents ROS—induced cell death in osteoblasts.
(A=D) MC3T3-El cells were treated with 300 pM of HzO2 in
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Figure 1.31. Schema of mechanisms of the improvement of
osteoblast differentiation by NAM.

This study demonstrates that NAM greatly improved osteoblast
differentiation by reducing mitochondrial oxidative stress. NAM
promotes osteogenic differentiation by increasing mitochondrial
respiration and the production of antioxidant enzymes via SIRT3,

FOX03a, and PGC1— a activation.
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Discussion

Mitochondria are key intracellular organelles for the
generation and regulation of cellular bioenergetics, producing the
majority of ATP molecules via the oxidative phosphorylation
system (OXPHOS). Mitochondrial metabolism normally produces
ROS as a byproduct. Although intracellular ROS are necessary for
regular function (Sena and Chandel 2012), when they are present at
excess levels, they can lead to intracellular stress and numerous
bone disorders including osteoporosis (Goettsch, Babelova et al.
2013) and osteoarthritis (Zahan, Serban et al. 2020). To maintain
an appropriate level of ROS, antioxidant enzymes play a crucial role
in the antioxidant system. A previous study reported that osteoblast
lineage—specific Sod2—deficient mice showed decreased osteoblast
activity accompanying an osteoporosis—like phenotype (Schoppa,
Chen et al. 2022). The antioxidant N—acetylcysteine, a precursor of
glutathione (GSH), also increased osteoblast differentiation in
mouse calvarial cells (Jun, Lee et al. 2008). In this study, we
showed that the stimulation of osteoblast differentiation by NAM
was related to genes involved in the regulation of oxidative stress
by RNA-—seq. In addition, via in vitro analysis, we confirmed that
NAM alleviated the ROS level in osteoblasts by regulating
antioxidant enzymes. Moreover, NAM effectively eliminated ROS
that arose under physiological conditions as well as those that
emerged acutely through the activation of these enzymes. As a
result, the induction of antioxidant enzymes by NAM not only
strengthened the function of osteoblasts under normal conditions,
but also significantly prevented the decrease in osteoblast function

caused by excessive ROS.
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Mitochondria generate ATP through respiration, which is the
energy needed for cell metabolism. Therefore, when cells need
more energy for their function, mitochondrial respiration 1is
stimulated to supply more ATP (Russell, Foletta et al. 2014).
Bioenergetic demand and capacity alter as cell function changes (Li,
Gao et al. 2017). In order to satisfy this, the mitochondrial capacity
and efficiency increase in differentiating cells. The mitochondrial
respiration of osteoblasts is elevated during differentiation in order
to provide the required energy. When bone marrow stromal cells
(BMSCs) undergo osteogenic differentiation, the mitochondrial
OXPHOS reaction is upregulated in BMSCs in order to fulfill the
energetic demands of the process (Forni, Peloggia et al. 2016,
Shum, White et al. 2016). The suppression of mitochondrial
respiration using a mitochondrial complex inhibitor (e.g., rotenone)
was reported to inhibit osteoblast differentiation (Gao, Feng et al.
2018). Our results also showed that mitochondrial respiration was
increased during osteoblast differentiation (Figure 1.16).
Furthermore, NAM was found to boost mitochondrial respiration
during osteoblast differentiation (Figure 1.18). These results
indicate that NAM activates the energy generation required for
osteoblast  differentiation  through increased mitochondrial
respiration. The administration of NMN, similar to the exogenous
addition of NAD', led to increases in OCR and mitochondrial
function in neuroblastoma cells (Long, Owens et al. 2015). Thus,
NAM has the potential to be used as a medication for the prevention
and treatment of bone disorders because it can improve the
physiological function of osteoblasts through the metabolic
activation of mitochondria.

In bone, osteogenesis 1s a sequential process of
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mesenchymal stem cells (MSCs) recruitment, pre—osteoblast
proliferation, lineage commitment, collagen secretion, and
extracellular matrix mineralization (Infante and Rodriguez 2018).
During this process, the proliferation of MSCs and pre—osteoblasts
is a prerequisite for osteoblast differentiation (Qiao, Nie et al.
2016). According to our results of GO analysis of DEGs whose
expression was increased by NAM on day 4, the early stage of
differentiation, these genes were particularly associated with the
cell cycle and chromosome segregation, indicating that NAM might
play an important role in ensuring a sufficient population of
osteoblast precursors for osteogenesis by regulating genes involved
in cell proliferation in the early stage of differentiation. When NAM
was applied in an osteogenic medium for 10 days (the maturation
stage of osteoblast differentiation), RNA—seq analysis revealed that
along with those related to osteoblast differentiation, a set of genes
related to oxidative stress were also significantly affected (Figure
1). Our data also confirmed that NAM reduced the mitochondrial
ROS levels during osteoblast differentiation (Figure 2) and
mitigated mitochondrial and cellular damage caused by excessive
ROS (Figure 5). These results suggest that the supply of NAM is
advantageous for improving the functionality of osteoblasts and
maintaining bone homeostasis by reducing intracellular ROS levels.
HDACsS, including both class I (Lee, Suh et al. 2006) and
class IT HDACs (Jensen, Schroeder et al. 2008), inhibit osteoblast
differentiation and bone formation. Meanwhile, MS—275, a class I
HDAC inhibitor, has been reported to promote bone formation (Kim,
Lee et al. 2011, Bae, Yoon et al. 2017). However, Sirt3, a major
deacetylase of mitochondrial Sirts, was shown to be crucial for bone

development and metabolism (Ho, Wang et al. 2017). Although
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SIRT3—deficient mice showed bone loss and SIRT3 has been linked
to the production of osteoclasts (Huh, Shin et al. 2016, Ling, Krager
et al. 2021), its function and importance in osteoblasts incompletely
understood. In this study, we showed that NAM promotes
osteoblast differentiation by inducing the expression of antioxidant
enzymes through the activation of Sirt3 (Figure 4). In addition,
Sirt3, together with FOX0O3a, was shown to play an important role
in increasing antioxidant enzymes in osteoblasts. FOXO3a induces
the expression of antioxidant enzymes under oxidative stress or
hypoxia (Olmos, Valle et al. 2009, Tseng, Wu et al. 2014). FOX0O3a
inhibits the differentiation of osteoblast precursors by inhibiting
Wnt signaling (Iyver, Ambrogini et al. 2013), while inhibiting ROS in
mature osteoblasts to reduce apoptosis and promote bone formation
(Ambrogini, Almeida et al. 2010). In our study, we showed that
NAM promotes osteoblast differentiation by activating FOXO3a and
increasing the levels of antioxidant enzymes (Figure 4). Ultimately,
NAM is thought to play an important role in maintaining homeostasis
by promoting the expression of antioxidant enzymes in mature
osteoblasts. Taking the obtained findings together, NAM promotes
the differentiation of osteoblasts and maintains homeostasis by
increasing the levels of antioxidant enzymes through SIRT3
activation and sequential FOXO3a activation.

Oxidative stress is one of the most important factors
accelerating aging of the musculoskeletal system (Thoma, Akter—
Miah et al. 2020). NAD", the level of which is known to decrease
with aging (Mouchiroud, Houtkooper et al. 2013), promotes
mitochondrial function and prolongs the lifespan of mice when it is
increased through NAD precursors such as NR (Zhang, Ryu et al.

2016). In this study, we revealed that NAM plays an important role
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in maintaining mitochondrial homeostasis by regulating antioxidant
enzymes to ensure appropriate levels of intracellular ROS. In
addition, oxidative stress can cause DNA damage and cell death. If
DNA requiring the DNA damage response (DDR) continues to
accumulate in cells, it cannot be removed through the DNA repair
mechanism, leading to cellular senescencevia irreversible cell—
cycle arrest (Sedelnikova, Horikawa et al. 2004, Sedelnikova,
Redon et al. 2010). In our study, NAM prevented osteoblast DNA
damage and cell death caused by oxidative stress. Therefore, NAM
can prevent the acceleration of musculoskeletal aging caused by
oxidative stress.

In summary, the present study shows that NAM
significantly enhanced osteoblast differentiation by relieving
mitochondrial oxidative stress. NAM increases mitochondrial
respiration and the expression of antioxidant enzymes via SIRTS3,
FOX03a and PGCl—e«a activation, facilitating  osteoblast
differentiation both in normal physiological conditions and under
oxidative stress. On the basis of this study, NAM could be a

therapeutic or prophylactic drug to improve bone health.
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IV. Part 2

Nicotinamide improves delayed tooth eruption

in Runx2?”™ mice

This research was originally published in Journal of Dental

Research.

Journal of Dental Research, 2021 Vol.100 Issue 4 Page 423—431
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Abstract

Patients with cleidocranial dysplasia (CCD) caused by
mutations in RUNXZ2Z have severe dental anomalies, including
delayed or absent eruption of permanent teeth. This requires
painful and expensive surgical/orthodontic intervention because of
the absence of medicine for this condition. Here, we demonstrate
that nicotinamide, a vitamin B3 and class III histone deacetylase
inhibitor, significantly improves delayed tooth eruption in Runx2"”~
mice, a well—known CCD animal model, through the restoration of
decreased osteoclastogenesis. We also found that Csf/ mRNA and
protein levels were significantly reduced in Runx2”  osteoblasts
compared to WT whereas RANKL and OPG levels had no significant
difference between both WT and Runx2”  osteoblasts. The
nicotinamide—induced restoration of osteoclastogenesis of bone—
marrow—derived macrophages (BMMs) in Runx2? mice was due
to the increased expression of RUNXZ and CSF1 and increased
RANKL/OPG ratio. RUNXZ2 directly regulated CsfI mRNA
expression via binding to the promoter region of the Csf/ gene. In
addition, nicotinamide enhanced the RUNXZ protein level and
transacting activity posttranslationally with Sirt2 inhibition. Taken
together, our study shows the potential and underlying molecular
mechanism of nicotinamide for the treatment of delayed tooth
eruption using the Runx2"~ murine model, suggesting nicotinamide
as a candidate therapeutic drug for dental abnormalities in CCD

patients.
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Introduction

RUNXZ2 1is a master transcription factor for skeletal
development (Komori, Yagi et al. 1997). Mutations of RunxZ2 gene
cause cleidocranial dysplasia (CCD), exhibiting premature closure
of cranial sutures, hypoplastic clavicles, and dental anomalies (Otto,
Kanegane et al. 2002). The chief complaint of CCD patients is
functional and esthetic impairment due to delayed or unerupted
permanent dentition (Farrow, Nicot et al. 2018). However, the only
therapeutic intervention has been a combination of surgical and
orthodontic treatments during the confined period of the eruption
stage of permanent dentition, requiring the establishment of
therapeutic drugs to treat the symptoms.

Tooth eruption is a tightly regulated process that involves
cells of the tooth and the surrounding alveolar bone. Osteoclasts are
essential for the development of the eruption pathway through
reciprocal interactions with osteoblasts and stromal cells (Wise,
Frazier—Bowers et al. 2002, Wise and King 2008). Colony—
stimulating factor 1 (CSF1), receptor activator of nuclear factor—
kappa B ligand (RANKL), and osteoprotegerin (OPG), which are
secreted by osteoblast—lineage cells and key regulatory factors for
osteoclastogenesis, play critical roles in forming the eruption
pathway (Heinrich, Bsoul et al. 2005). Csfl /" mice, known as
osteopetrotic (op/op) mice, exhibit arrested tooth eruption (Ida—
Yonemochi, Noda et al. 2002). Rank/—deficient mice also show the
defect in tooth eruption due to the lack of osteoclasts (Kong,
Yoshida et al. 1999). OPG as a soluble decoy receptor inhibits

osteoclast differentiation by interrupting the interaction between
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RANKL and RANK. Also, the timely expression of these molecules
regulating osteoclast differentiation is crucial to control tooth
eruption.

Nicotinamide is a form of vitamin B3 and also acts as one of
class III histone deacetylase (HDAC) inhibitor which suppresses
the activity of Sirtuins by promoting nicotinamide exchange (Avalos,
Bever et al. 2005). Several studies have revealed that the acetyl
residues on the lysine side chains of histone or nonhistone proteins
can be deacetylated by nicotinamide (Kim, Lee et al. 2011, Park,
Lee et al. 2012). As HDACs inhibit the stability and activity of
RUNX2 through deacetylation, HDAC inhibitors (HDIs) may be
applicable to the treatment of bone diseases associated with RUNX2
deficiency (Kim, Kim et al. 2020). We have shown this proof of
concept in our previous study that exhibited MS—275, a class I HDI,
prevented delayed cranial suture closure in Runx2"~ mice (Bae,
Yoon et al. 2017). However, as most HDIs, including MS—275, are
approved as anticancer drugs, the adverse effects of HDIs preclude
clinical trials to children (aged 7~12 years) for the treatment of
delayed tooth eruption in CCD patients. We hypothesized that
nicotinamide can ameliorate the CCD symptoms through the
activation of RUNXZ2 with little toxicity. In this study, we
demonstrate that nicotinamide significantly improved delayed tooth
erupﬁoninARunXZﬁ*'nﬁce and reveal the underlying mechanism of

action.
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Materials and Methods

Animal experiments

RunxZ—deficient mice were kindly provided by Dr. Komori
(Komori, Yagi et al. 1997) and maintained under specific pathogen—
free conditions. Nicotinamide (1%, w/v) (Sigma Aldrich, St. Louis,
MO, USA), added in drinking water, was provided ad /libitum to
pregnant and nursing mice until sacrifice. All animal studies were
conducted according to Institutional Animal Care and Use
Committee (IACUC) policies and reviewed by the Special
Committee on Animal Welfare, Seoul National University, Seoul,

Republic of Korea.

Micro—CT analysis

Mice were sacrificed and fixed with 4% PFA at 4° C
overnight. Micro—CT analysis was performed using an inspeXio
SMX—=100CT system and TriBONTM software (RATOC, Tokyo,

Japan).

Cell culture

Wild type (WT) and Runx2? calvarial cells were isolated
from newborn mice. Primary calvarial cells, MC3T3—E1 cells, and
human dental follicle cells were cultured in ¢ —MEM with 10% fetal
bovine serum (FBS) containing 100 U/mL penicillin and 100 pg/mL
streptomycin. Runx2”’  calvarial cells were cultured as previously
described (Kim, Kim et al. 2003). For nicotinamide treatment, the

osteoblast differentiation medium supplemented with 10 mM S —
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glycerophosphate and 50 pg/mL ascorbic acid was used. Bone
marrow cells were isolated from the tibias of 4—week—old WT and
Runx2"”" mice to differentiate into osteoclast. See the Appendix for

details.

Osteoclast differentiation and co—cultures

BMMs were seeded (3 x 104 cells/300 pl/well in a 96—well
plate) and differentiated into osteoclasts with 20 ng/mL CSF1 and
80 ng/mL recombinant murine sRANKL (PeproTech, Rocky Hill, NJ,
USA) for 5 days. Multinucleated osteoclasts were identified by
tartrate—resistant acid phosphate (TRAP) staining and counted
under light microscopy. For co—culture of osteoblasts and
osteoclasts, primary calvarial osteoblasts were plated in 48 —well
plates (1 x 104 cells/well). After 24 hours, BMMs were added and
cultured in ¢ —MEM supplemented with 10% FBS, 10 mM pg—
glycerophosphate, 50 pg/mL ascorbic acid, 10 nM 1 «,25(0OH)2D3
(PeproTech, Rocky Hill, NJ, USA) and 1uM prostaglandin E2
(Tocris bioscience, Bristol, UK) for 7 days. The medium was
changed every two days using the same composition. TRAP—
positive multinucleated cells were detected using TRAP staining.
Co—culture of human dental follicle cells (hDFCs) and human
peripheral blood mononuclear cells (hPBMCs) was performed in
a —MEM containing 10% FBS and 10 nM 1 «,25(0H)2D3 for 7
days as described above for co—culture of osteoblasts and
osteoclasts. To assess bone resorption activity, pit formation
assays were performed using a bone resorption assay kit (Cosmo
Bio, Tokyo, Japan) according to the manufacture’ s protocol.
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Alkaline Phosphate (ALP) staining

An ALP staining kit was purchased from Cosmo Bio (Tokyo,
Japan). Human dental follicle cells were cultured in osteogenic
medium containing 10 mM B —glycerophosphate, 50 pg/mL ascorbic
acid for 5 days, washed with PBS, and stained according to the
manufacturer’ s instructions. The ALP staining level was quantified

by using Image J software.

Reverse transcription and quantitative real—time PCR (RT—qPCR)
Isolated RNAs wusing Qiazol Lysis Reagent (Qiagen,
Mannheim, Germany) were reverse—transcribed wusing the
PrimeScriptTM RT-reagent kit (Takara Bio, Shiga, Japan). The
Takara SYBR premix Ex Taq (Takara Bio) was used for gPCR in an
Applied Biosystems 7500 RT—PCR system (Foster city, CA, USA),
and the results were normalized to Gapdh expression. The primers
are listed in Appendix Table 1. The procedures were described

previously (Cho et al. 2014).

Immunoblot analysis

Cellular proteins were obtained using lysis buffer and used
for immunoblot (IB) as described previously (Yoon et al. 2013). IB
was conducted with specific antibody binding RUNX2 (MBLI,
Woburn, MA, USA), CSF1, OPG (abcam, Cambridge, UK) and
RANKL (Thermo scientific, MA, USA). Quantitative analysis was

performed using Image J software (NIH, USA).
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Transient Transfection

Primary calvarial osteoblasts and MC3T3—E1l cells were
transfected by electroporation using the Neon transfection system
(Invitrogen, CA, USA) according to manufacturer’ s instructions.
HA—-tagged Sirt2 expression vector was generously provided by
Prof. Suk—Chul Bae (Chungbuk National University, Cheongju,

Korea).

Luciferase reporter assay

RUNXZ2 transacting activity was evaluated using the
6XOSE2—Luc reporter gene (Shin, Bae et al. 2018). Passive lysis
buffer, the Bright—Glo™ Luciferase Assay System, and the
GloMax—Multi Detection System (Promega, WI, USA) were used to
measure luciferase activity. See the Appendix for details of the

transient transfection and CsfI reporter vector.

Construction of the Csfl reporter vector

The +74 to +260 region of the Csfl promoter sequence was
obtained from National Center for Biotechnology Information
(NC_000069.5:¢107563320—107563202 Mus musculus strain
C57BL/6J chromosome 3, MGSCv37 C57BL/6J). The indicated
promoter region was generated using PCR (forward 5° —CGA CGA
GCT AGC GGG CCT CTG GGG TGT AGT AT-3" and reverse
5 —CGA CGA AAG CTT CCG AGG CAA ACT TTC ACT TT-3" ).
The PCR product was ligated into the Nhel and HindIII sites of the
pGL4.23 reporter vector. To produce a reporter vector having a
mutation in the putative RUNXZ binding sites, site—directed
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mutagenic PCR was performed. The primers used were as follows:
forward 5° —GAT TTC CCA TAA ACC TTA TGC CCC GCC AGC
C—3" andreverse 5° —GGC TGG CGG GGC ATA AGG TTT ATG
GGA AAT C-3" .

Preparation of probes for in situ hybridization

To assess the expression patterns of the Csfl, a
complementary DNA construct was used as described previously
(Choi et al. 2002). A 455—base pair Csfl—specific sequence was
digested with Notl and Sall and sublconed into pCMV—SPORTS.
Plasmid linearized with Smal was transcribed for antisense probe
synthesis. In vitro transcription was performed with linearized DNA
template, RNase inhibitor, DIG RNA labeling mix and T7 RNA
polymerase (Roche, Basel, Switzerland) for 2 hrs at 37° C. After 2
hrs, RNase free DNase (Roche) was added and incubated for 15min
at 37° C. To stop the reaction, 0.5 M EDTA pH 8.0 was added. LiCl
(4 M) and pre—chilled ethanol were added and incubated overnight
at —20° C. After centrifugation, the pellet was washed, dried and

dissolved in nuclease free water.

Histology analysis

For histological analysis, P5 and P8 mice were fixed in 4%
PFA at 4° C for 24 hours and decalcified in 10% Ethylene Diamine
Tetra Acetic Acid (EDTA) for 7 days. Dehydration and paraffin
embedding was performed according to the standard procedure
(Kim et al. 2020b). Serial sections of paraffin blocks (7 uM in ISH,
10 uM in THC) were subjected to TRAP staining (Cosmo Bio, Tokyo,

-
=]
1

L



Japan), immunohistochemistry (IHC) and in situ hybridization (ISH).

TRAP staining was performed according to the manufacturer’ s
protocol. IHC was performed using the VECTASTAIN® ABC—HRP
kit (VECTOR LABORATORIES, Inc., CA, USA) and CSF1 antibody
(Abcam, Cambridge, UK). For ISH, digoxigenin—11—UTP—labeled
single—stranded antisense RNA probes to detect Csfl (Appendix
Table 3) were prepared using the DIG RNA labeling kit (Roche,
Basel, Switzerland). Deparaffinization and rehydration were
performed using xylene and ethanol, respectively. Permeabilization
was performed with 20 g g/ml proteinase—K for 12 min at 37° C
and acetylation with 0.1 M triethanolamine—HCI (pH 8.0) for 3 min
at RT. Hybridization was performed at 42° C for 16h. Slides were
washed sequentially with 2x SSC, 0.5X SSC and 0.2X SSC for 15
min each and incubated with anti—DIG antibody (Roche, Basel,
Switzerland) overnight at 4° C. The next day, NBT/BCIP stock
(Roche, Basel, Switzerland) was applied for color development at
RT in the dark for 2-3 hrs. Background staining was conducted
using methyl—green before mounting. Slides were imaged with a
DP72 digital camera (Olympus, Tokyo, Japan) and analyzed with

OsteomeasureTM (OsteoMetrics, Inc., Decatur, GA, USA).

Chromatin Immunoprecipitation (ChIP) Assay

The ChIP assay was performed by using the SimpleChIP®
Enzymatic Chromatin IP kit (Cell Signaling Technology, MA, USA).
HA—-Runx2— or empty vector—transfected MC3T3—E1 cells were
harvested and used for the ChIP assay according to the
manufacturer’ s instruction. The PCR primer pairs used to detect
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DNA segments for the ChIP assay are listed in Appendix Table 2.
Bioinformatic data analysis

We downloaded RUNXZ—-ChIP—seq data during various
differentiation periods of MC3T3—E1 preosteoblast cells (Day 0, 9,
28) (Wu et al. 2014). The detailed annotation of ChIP—seq peaks is
provided in electronic supplementary material and the raw files
have been deposited in the Gene Expression Omnibus (GEO)
database (GSE54013). DNase—seq data set were downloaded from
the GEO database (GSE55046) which represents DNase
hypersensitivity (DHS) during MC3T3—E1 differentiation (Tai et al.
2017). The peak—related WIG files were analyzed and visualized
using Integrative Genomics Viewer 2.8.2 (IGV 2.8.2). RNA—-seq
procedure and data analysis were performed as described

previously (Bae et al. 2017).

Statistics

Data are presented as means = S.E. Each experiment was
performed at least three times, and representative results are
shown in the figures. The significance of differences was evaluated
using either Student’ s ¢ test or one—way analysis of variance,
followed by Bonferroni’ s test using the Prism 8.0 software

(GraphPad Software, San Diego, CA, USA).
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Table 4. Primer

sequences for RT—qPCR

gene

sequence

Runx2

F: 5-CCGCACGACAACCGCACCAT-3

R: 5-CGCTCCGGCCCACAAATCTC-2

F: 5-GACCCTCGAGTCAACAGAGC-3’

Csf1

R: 5-TGTCAGTCTCTGCCTGGATG-3'

F: 8-CAGCCATTTGCACACCTCACCAT-3'

Rankl

R: 5-TTTCGTGCTCCCTCCTTTCATCAG-3

F: 5-ACCCAGAAACTGGTCATCAGC-3'

Opg

R: §-CTGCAATACACACACTCATCACT-3'

F: 5-AGAAGCTGATGGCTTGGAGC-3'

Spit

R: 5'-GCGAATCTTTTTCTTGCTGCC-3'

Mmp9

F: 5-CTGGACAGCCAGACACTAAAG-3

R: 5-CTCGCGGCAAGTCTTCAGAG-3’

Nfatc1

F: 8-GGTGCCTTTTGCGAGCAGTATC-3’

R: §-CGTATGGACCAGAATGTGACGG-3

F: 5-GCGACCATTGTTAGCCACATACG-3'

Acp5

R: 5-CGTTGATGTCGCACAGAGGGAT-3'

Cisk

F: 5-AGCAGAACGGAGGCATTGACTC-3

R: 5-ATCGCAGTCTGGGCACTTGTGA-3’

Ctr

F: 5-CAAACCGAAGATGAGGTTCCT-3'

R: 5- TGGGCTCACTAGGAGCAGG-3'

Gapdh

F: 5-CATGTTCCAGTATGACTCCACTC-3'

R: 8-GGCCTCACCCCATTTGATGT-3'
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Table 5. Primer sequences for ChIP assay

F: 5-GGGCCTCTGGGGTGTAGTAT-3'
R: 5-CCGAGGCAAACTTTCACTTT-3

Csf1

Table 6. Primer sequences for in situ hybridization RNA probes to

detect Csf1

F: 5-CGACGAGTCGACCCTGATTGCAACTGCCTGTA-3
R: 5-CGACGAGCGGCCGCTGTCAGTCTCTGCCTGGATG-3'

Csf1
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Results
Delayed tooth eruption in CCD mice is rescued by the treatment
with nicotinamide

To investigate whether nicotinamide can rescue delayed
tooth eruption, we analyzed the mandibular first molar of WT and
Runx2"” mice with nicotinamide treatment at postnatal day 10
(P10) using micro—CT. Nicotinamide provided as a 1% solution in
drinking water to pregnant or nursing mice did not show any
toxicities including lethality, loss of body weight, or miscarriage
(data not shown). Runx2"”” mice showed delayed eruption of the
mandibular first molar compared to WT mice as was previously
reported (Yoda, Suda et al. 2004). Images from multiple views
(Figures 2.1A-C) show that most of the cusps of the maxillary
and mandibular first molars were exposed in WT mice whereas
those of Runx2” were mostly covered by the alveolar bone. The
nicotinamide significantly restored tooth eruption in RunxZ2”~ mice
to the level of WT (Figures. 2.1A-C). To quantitatively assess
tooth eruption, we measured the eruption distance (red line in
Figure 2.3). Compared to WT mice, the eruption distance in
Runx2"~ was significantly decreased and was rescued by
nicotinamide (Figure 2.1D). However, nicotinamide did not

accelerate tooth eruption in WT mice.
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Figure 2.1. Nicotinamide improves the delayed first molar eruption
(A) Representative lateral view images of the erupting
mandibular first molar of NAM-—treated or untreated WT and
Runx2”~ pups at postnatal day 10 (P10) (n = 5 in each group;
scale bar = 1 mm). (B-C) Sagittal and coronal views of maxillary
and mandibular first molars at P10. Thin yellow lines indicate the
edge of the alveolar bone (n = 5 in each group; scale bar = 1 mm).
(D) The eruption distance from the line connecting the most
concave points anterior and posterior of the first molar alveolar
bone to the highest vertical point of the cusp. Quantitative data
were obtained using TriBON™ software (n=5 in each group). Data
are expressed as the mean = SE. WT, wild type; Het, Runx2"";
NAM, nicotinamide. * £~ < 0.05, *x P < 0.01, # P < 0.005, ## P<

0.001; ns, not significant.
117



Next, to investigate whether nicotinamide can affect the
recruitment and differentiation of osteoclasts around eruption path,
we performed TRAP staining on tissue sections of P5 and P8 mice.
TRAP—positive osteoclasts in Runx2"~ mice were remarkably
diminished compared to those in WT mice (Figure 2.2A), which is
in agreement with a previous report (Yoda, Suda et al. 2004). The
administration of nicotinamide dramatically increased the number of
TRAP—-positive osteoclasts in Runx2”~ mice compared to
untreated Runx2”” mice. Quantitative analyses showed that both
the number and area of osteoclasts were significantly decreased in
Runx2"” mice, and both were recovered to the levels of WT with
nicotinamide treatment (Figures 2.2B—E). These results suggest
that nicotinamide rescue delayed tooth eruption in Runx2?  mice

through the stimulation of osteoclastogenesis.
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(A) TRAP—positive osteoclasts as determined by TRAP staining of

the mandible covering the first molar in P5 (top row) and P8
(bottom row) mice (scale bar = 200 ym). Osteoclast (OC) number
(B—E) and coverage area (I-J) (n > 5 in each group). Data are

expressed as the mean + SE. WT, wild type; Het, Runx2"”"; NAM,

nicotinamide. * < 0.05, **x < 0.01, # P<0.005, ## P<0.001; ns,

not significant.

119



Figure 2.3. The measurement of eruption distance.

To quantitatively assess tooth eruption, we measured the eruption
distance (red line), which was defined as the length of the vertical
line from the highest point of the middle cusp to an arbitrary line
(white dotted line) connecting anterior and posterior downwardly

concave points (scale bar = 1 mm).

120 ; ,,H *,_ 1” 'cﬂr

] L8



Nicotinamide restores osteoclastogenesis in Runx2”  mice by
acting on bone—forming cells

Since Runx2”~ mice showed decreased osteoclast
differentiation, we examined the ©possibility of impaired
differentiation of BMMs to osteoclasts. Unexpectedly, the
osteoclastogenic capacity of Runx2?””~ mouse—derived BMMs was
not significantly different from that of BMMs derived from WT mice
in the presence of CSF1 and RANKL. Differentiation assays on
BMMs from these mice showed a similar number of osteoclasts
(Figures 2.4A and B) and TRAP activity (Figure 2.4C), suggesting
that Runx2 haploinsufficiency in BMMs themselves does not affect
their differentiation to osteoclasts. Interestingly, however, co—
culture of WT BMMs with Runx2” osteoblasts resulted in
significantly lower osteoclast differentiation than did co—culture
with WT osteoblasts (Figures 2.4D and E). However, the osteoclast
differentiation of Runx2”” BMMs by co—culture with WT
osteoblasts was similar to that of WT BMMs co—cultured with WT
osteoblasts. These observations suggest that the reduced
osteoclast differentiation in Runx2”” mice may be caused by

RUNXZ deficiency in osteoblasts rather than that in osteoclasts.
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Figure 2.4. Impaired osteoclast differentiation in Runx2"~ mice was
attributed to the impairment of osteoblast—lineage cells.

(A) Osteoclasts identification by TRAP staining. Bone—marrow—
derived mononuclear cells (BMMs) isolated from WT and Runx2”"~
mice were differentiated into osteoclasts in the presence of CSF1
(20 ng/mL) and RANKL (80 ng/mL) for 5 days (scale bar = 100
um). (B) Counting of TRAP—positive osteoclasts with more than
three nuclei. (C) TRAP activity was measured from cell lysates
from (A). (D) TRAP staining of BMMs from WT and Runx2”~ mice
co—cultured with primary calvarial osteoblasts from WT and
Runx2?", respectively, for 7 days with vitamin D3 (10 nM) for

osteoclast differentiation. (E) Counting of TRAP—positive
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osteoclasts. Data are expressed as the mean = SE. WT, wild type;
Het, Runx2”"; NAM, nicotinamide. * P < 0.05, ** P < 0.01, # P<
0.005, ## P <0.001; ns, not significant.
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Since nicotinamide restored osteoclast differentiation in
Runx2”~ mice (Figure. 2.4), we investigated whether this
restoration occurs through an effect of nicotinamide on osteoblasts.
Co—culture of Runx2”~ BMMs with nicotinamide—treated Runx2""
osteoblasts increased osteoclast differentiation compared to co—
culture with vehicle—treated RunxZ2"  osteoblasts (Figures. 2.5A
and B). We also confirmed increased osteoclast pit formation by
Runx2?~ osteoblasts treated with nicotinamide (Figures. 2.8A and
B). It is known that dental follicle cells recruit monocytes, which
differentiate into mature osteoclasts to resorb the alveolar bone
surrounding the eruption path (Camilleri and McDonald 2006, Wang,
Sun et al. 2016). Thus, to examine the effect of nicotinamide on
human dental follicle cells (hDFCs) and osteoclast differentiation of
monocytes, RunxZ—depleted hDFCs were treated with nicotinamide,
followed by co—culture with human peripheral blood mononuclear
cells (WPBMCs) for 7 days. The efficiency of RunxZ knockdown
was confirmed by western blot analysis (Figures 2.8C and D).
Although the co—culture of RunxZ—depleted hDFCs with hPBMCs
resulted in fewer TRAP—positive cells, nicotinamide treatment of
RunxZ—depleted hDFCs restored osteoclast differentiation of
hPBMCs (Figures. 2.6A and B). The expression levels of osteoclast
marker genes including Spil, Mmp9, Nfatcl, Acpb, Ctsk, and Ctr
were significantly decreased in co—culture of Runx2”~ BMMs with
Runx2"" osteoblasts compared to co—culture with WT osteoblasts
(Figures. 2.7A—F). Concordantly, co—cultured with nicotinamide—
treated Runx2”  osteoblasts show elevated mRNA levels of Spil,

Mmp9, Acpb5 and Ctr although it did not affect Nfatcl and Ctsk.
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Altogether, these results indicate that nicotinamide restores the
osteoclastogenesis of BMMs by acting on FKunxZ—depleted

osteoblast—lineage cells.
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Figure 2.5. Impaired osteoclast differentiation was recovered by

nicotinamide treated osteoblasats.

(A—B Primary calvarial osteoblasts were treated with 5mM NAM,

followed by co—culture with BMMs. Data are expressed as the

mean = SE. WT, wild type; Het, Runx2"”"; NAM, nicotinamide. * P

< 0.05, *= P<0.01, # P<0.005, ## P < 0.001; ns, not significant.

5 mM NAM, followed by co—culture with BMMs.
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Figure 2.6. Nicotinamide—treated Runx2 deficient human dental
follicle cells restored reduced osteoclast differentiation in co—
culture with human primary blood monocytes.

(A—B) Identification of osteoclasts using TRAP staining. Human
dental follicle cells (hDFCs) transfected with siRunx2 or siCont (40
nM), incubated with 5 mM NAM, and co—cultured with hPBMCs for
1 week (scale bar = 100 pm). Data are expressed as the mean £
SE. WT, wild type; Het, Runx2”"; NAM, nicotinamide. * 77< 0.05, **
P<0.01, # P<0.005, ## P<0.001; ns, not significant.
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Figure 2.7. Nicotinamide increased the expression of osteoclast
marker genes in co—culture of primary osteoblasts and BMMs.

(A—F) Nicotinamide or vehicle treated primary calvarial osteoblast
and Runx2”~ BMMs were co—cultured. The mRNA levels of
osteoclast marker genes were determined by RT—qPCR. Data are

expressed as the mean = SE. WT, wild type; Het, Runx2""; NAM,

nicotinamide. * < 0.05, *»* < 0.01, # P<0.005, ## P<0.001; ns,

not significant.
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Figure 2.8. Co—culture of Runx2”~ BMM cells with Runx2”~
osteoblasts pre—treated with nicotinamide increased osteoclast pit
formation

(A) Bone resorptive activity of BMMs isolated from Runx2™  mice
was assessed using an optical microscope after 7 days of co—
culture with primary Runx2"~ calvarial osteoblasts with or without
NAM on a calcium phosphate coated plate. (B) The pit area was
measured by Image J with an inverted microscopic image. (C—D)
Transfection efficiency of siRunx2— or siCont—transfected hDFCs
was evaluated by immunoblot. Data are expressed as the mean T
SE. WT, wild type; Het, Runx2”"; NAM, nicotinamide. * 72< 0.05, **
P<0.01, # P<0.005, ## P < 0.001; ns, not significant. 5 mM NAM,

followed by co—culture with BMMs.
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Nicotinamide restores RUNX2 and CSF1 levels in Runx2”~
osteoblasts

As HDIs increase RUNXZ expression by enhancing the
protein’ s stability (Jeon, Lee et al. 2006), we tested for the
effects of nicotinamide on HFunx?Z mRNA and protein levels.
Although nicotinamide did not change the Runx?Z mRNA levels
(Figure. 2.9A), it restored the RUNX2 protein level in Runx2"~
osteoblasts to that found in untreated WT osteoblasts (Figure.
2.9B). Nicotinamide also increased the RUNX2 protein levels in WT
osteoblasts. These results indicate that nicotinamide regulates
RUNXZ at the posttranslational level but not at the transcriptional
level. Correlatively, nicotinamide dose—dependently enhanced the
RUNXZ2 transactivation function in MC3T3—E1 pre—osteoblast cells

(Figure. 2.9C).
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Figure 2.9. Nicotinamide increases the expression and transacting
activity of RUNXZ2 in osteoblasts

(A-B) The mRNA level and protein level of Runx2 in WT and
Runx2"~ mouse calvarial cells cultured in the presence or absence
of 5 mM NAM for 3 days as determined by RT—qPCR (A) and
immunoblot analysis (B). (C) The relative transactivation activity of
RUNXZ as assessed using the 6XOSEZ-luciferase reporter
construct. Following transfection with 6XOSEZ2 reporter construct in
the MC3T3—El pre—osteoblast cell line, cells were treated with
NAM for 24 h. Data are expressed as the mean = SE. WT, wild
type; Het, Runx2""; NAM, nicotinamide. * P < 0.05, #* P < 0.01, #
P <0.005, ## P <0.001; ns, not significant.

131 2] 1l



Next, we examined the effects of nicotinamide in osteogenic
differentiation of hDFCs. RunxZ—depleted hDFCs showed lower
ALP staining level than scrambled siRNA-—treated cells (Figures.
2.10A and B). Although nicotinamide slightly increased ALP
staining in both groups, we confirmed that the staining level of
RunxZ—depleted cells treated 10 mM nicotinamide was similar to
that of vehicle—treated control cells, quantitatively (Figures. 2.10A

and B).
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Figure 2.10. Nicotinamide increases osteogenic differentiation in
siRunx2—treated human dental follicle cells.

(D) ALP staining was performed after scrambled or siRunx2-—
treated hDFCs were cultured in osteogenic media with the indicated
concentration of NAM for 5 days. (E) ALP staining level was
quantified by using Image J (n=2). Data are expressed as the mean
+ SE. WT, wild type; Het, Runx2”"; NAM, nicotinamide. * 72< 0.05,
# P<0.01, # P<0.005, ## P <0.001; ns, not significant.
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When examining our previously published RNA-—seq data
from WT and Runx2?~ calvarial osteoblasts (GSE87608) (Bae et al.
2017), we found that Csf/ transcript was robustly decreased in
Runx2?~ osteoblasts in comparison to WT osteoblasts, though the
significance of this difference was weak. However, Rank/ and Opg
showed low basal expression level and no significant difference

between WT and Runx2” cells, respectively (Figures. 2.11A-C).
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Figure 2.11. The expression levels of osteoclastogenicfactors in

WT and RunxZ2?~ calvarial osteoblast cells

(A—C) Based on analysis of RNA—seq data, Csfl, Rankl and Opg

mRNA

levels were compared

in WT and Runx2”" calvarial

osteoblast cells. Data are expressed as the mean = SE. FPKM,

Fragments Per Kilobase of transcript per Million mapped reads; WT,

wild type; Het, Runx2”"; NAM, nicotinamide. * P < 0.05, ** P< 0.01,

# P<0.005, ## P<0.001; ns, not significant.
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To confirm the results, we examined the mRNA levels by
RT—qgPCR. Csfl level was significantly reduced in Runx2”"
osteoblast cells compared to WT (Figure. 2.12A) while the levels of
Rankl/ and Opg showed no significant difference between them
(Figures. 2.12B and C), indicating that Csfl might be a key
regulator in the impairment of osteoclastogenesis shown In
Runx2”~ CCD patients. Nicotinamide significantly increased Csf7
mRNA level in both WT and Runx2"" cells (Figure. 2.12D). Rankl
was slightly increased by nicotinamide in Runx2?”" osteoblasts but
not in WT (Figure. 2.12E). Opg mRNA level was significantly
decreased by nicotinamide in both WT and Runx2” cells (Figure.
2.12F). This eventually led to the increase in the Rankl/Opg mRNA
ratio (Figure. 2.12G). Additionally, the expression patterns of these
proteins were similar to their mRNA expression patterns (Figure.
2.12H and I). These results suggest that nicotinamide can increase
the protein level and transcriptional activity of RUNXZ and regulate
the expression of critical osteoclastogenic factors, especially, Csfl

in osteoblasts.
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Figure 2.12. Nicotinamide increases the expression level of RUNX2
and CSF1 in Runx2”~ osteoblasts.

(A—C) Expression level of osteoclast differentiation—regulating
genes in WT and Runx2”” mouse calvarial cells as determined by
RT—gPCR (n = 4). (D—F) The relative mRNA expression level of
osteoclast differentiation factors in WT and Runx2”~ osteoblasts
treated with vehicle or 5 mM NAM for 3 days as measured by RT—
gPCR and the relative ratio of Rankl/Opg (G) (n = 3). The protein
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expression level of osteoclast differentiation—regulating genes as
assessed by immunoblot analysis (H) and the RANKL/OPG ratio as
calculated by densitometry using Image] (I). Data are expressed as
the mean = SE. WT, wild type; Het, Runx2""; NAM, nicotinamide.
« P < 0.05, = P < 0.01, # P < 0.005, ## P < 0.001; ns, not

significant.
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RUNX2 directly up—regulates CsfI expression at the transcriptional
level

Since we observed that the Csf/ expression level was
significantly decreased in Runx2""~ osteoblasts, we investigated
whether Csfl expression was directly regulated by RUNXZ. Both
the mRNA and protein levels of Csfl were significantly stimulated
by forced RUNX2 expression in Runx2”’ cells (Figures. 2.13A and
B). To see whether RUNX2 regulates Csfl expression at the
transcriptional level, we investigated whether RUNXZ2 binding motifs
exist in the promoter region of the Csf! gene using JASPAR
(Fornes, Castro—Mondragon et al. 2020). We also analyzed both
DNase—seq and RUNXZ2 ChIP—seq data using the MC3T3—El
osteoblast differentiation model, which were downloaded from the
GEO public functional genomics data repository (Wu, Whitfield et al.
2014, Tai, Wu et al. 2017). Surprisingly, we discovered that the
DNase—seq and RUNXZ ChIP—seq results displayed the same
peaks corresponding to the +68 to +186 bp downstream region
from the transcription start site of the CsfI gene (boxed region in
Figure. 2.14A). Moreover, a RUNXZ2 binding motif exists in this
peak region (+173 to +178). ChIP assay verified that RUNXZ2 binds
at the peak region containing the putative RUNXZ response
elements of the Csfl gene (+74 to +260) (Figure. 2.13C). To
further analyze whether RUNXZ2 directly regulates Csfl gene
expression via this binding motif of the Csf/ gene, we generated
two reporter constructs with this response element containing
region (+74 to +260) of the Csfl gene and with one having site—
directed mutations at the RUNXZ binding motif. As shown in Figure.
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2.13D, RUNXZ enhanced the transcriptional activity of the CsfI
reporter gene, and the mutation of the putative RUNXZ binding

motif abrogated the RUNX2—mediated stimulation.
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Figure 2.13. RUNX2 directly regulates CsfI expression via binding
on the promoter region of the CsfI gene.

(A-B) The mRNA and protein levels of Csfl in HA—tagged Runx?2
plasmid—transfected Runx2”~ calvarial cell lines as assessed by
RT—gPCR (A) and immunoblot analyses (B), respectively. (C)
Chromatin immunoprecipitation (ChIP) assays performed on
MC3T3—E1l cells transiently transfected with HA—Runx2. (D)
Luciferase activities in HEKZ293 cells transfected with the Csfl
reporter vector and Runx2 expression vector. Data are expressed
as the mean + SE. WT, wild type; Het, Runx2”"; NAM,
nicotinamide. * < 0.05, ** < 0.01, # P<0.005, ## P <0.001; ns,
not significant.
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Figure 2.14. RUNXZ2 chromatin accessibility analysis during
osteoblast differentiation in the promoter regions of Csfl, Rankl and
Opg genes

(A—C) Analysis of RUNX2 occupancy and Genome—wide DNase
hypersensitivity near or within Csfl, Rankl and Opg during
MC3T3—-E1 preosteoblast cell differentiation using the GO public
genomics data repository (GSE54013 and GSE55046). The ChIP—
seq and DNase—seq data were visualized using Integrative
Genomics Viewer 2.8.2 (IGV 2.8.2).

Histological analyses confirmed attenuated CSF1 expression
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in osteoblasts within the alveolar bone, DFCs, and dental pulp in
Runx2?”” mice at P5 compared to WT mice (Figures. 2.15A and B).
Like the data shown in Figures. 2.15A and B, nicotinamide
administration restored the CsfI mRNA and protein levels in
Runx2”~ mice. Taken together, these data indicate that
nicotinamide—enhanced RUNXZ protein accumulation directly

regulates Csfl expression.
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Figure 2.15. RUNX2 ‘diur‘e.ctlly regulatés Csfl expressibn via binding
on the promoter region of the CsfI gene.

(A) Immunohistochemistry (IHC) for CSF1 protein expression with
histological sections of nicotinamide—treated or untreated P5 mice.
The boxed areas in the top row are shown at a higher magnification
in the bottom row. (B) Csfl mRNA expression with histological
sections as detected by in situ hybridization (ISH). The boxed
areas of the first row are displayed in the bottom row at a higher
magnification (scale bar = 100 pgm). Data are expressed as the
mean * SE. WT, wild type; Het, Runx2""; NAM, nicotinamide. * P

<0.05, ** P<0.01, # P<0.005, ## P<0.001; ns, not significant.

Nicotinamide activates RUNXZ through the inhibition of Sirt2
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Sirt2 is the NAD'—dependent deacetylases acting on a
variety of histone and nonhistone substrates. Sirt2 activity is
regulated by nicotinamide, a noncompetitive inhibitor that promotes
a base—exchange reaction at the expense of deacetylation (Avalos,
Bever et al. 2005). Therefore, we investigated whether Sirt2 is
involved in the nicotinamide regulation of RUNXZ2 expression. To
this end, primary osteoblasts were transfected with the Sirt2
expression vector at increasing concentrations. Immunoblot
analysis showed that RUNXZ2 expression was decreased upon Sirt2
expression in a dose—dependent manner (Figure. 2.16A). Sirt2—
dependent decrease of RUNXZ expression was significantly
restored upon nicotinamide treatment (Figure. 2.16B). Taken
together, these results indicate that nicotinamide can increase

RUNX2 protein levels by inhibiting Sirt2 (Figure. 2.16C).
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Figure 2.16. Nicotinamide enhances RUNXZ2 protein level by Sirt2
inhibition.

(A) Endogenous RUNX2 protein level in WT primary calvarial cells
transiently transfected with HA—tagged Sirt2 plasmid as assessed
by immunoblot analysis. (B) Nicotinamide treatment for 2 days
following transfection of HA—tagged Sirt2 plasmid (0.4 rg). (C)
Schema of mechanisms of RUNXZ2-Csfl axis activation by
nicotinamide. Nicotinamide treatment enhances RUNXZ protein level
and transacting activity by Sirt2 inhibition. RUNXZ2 activated by
nicotinamide directly increases Csfl expression via Csfl gene
promoter binding and increased RANKL/OPG ratio in bone—forming
cells, facilitating alveolar bone resorption via stimulation of

osteoclast differentiation. NAM, nicotinamide.
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Discussion

CCD patients suffer from abnormal skeletal development,
especially dental anomalies, including delayed or unerupted
permanent teeth. Timely surgical and orthodontic intervention are
essential for dental management in CCD (Roberts, Stephen et al.
2013). Avoiding this painful, and expensive conventional treatment
would be a present clinical unmet need. Our recent review
suggested that RUNXZ modifying enzymes could be therapeutic
targets for bone diseases (Kim, Kim et al. 2020, Kim, Shin et al.
2020). In this study, we demonstrate that nicotinamide improves
impaired tooth eruption in CCD mice and reveal the underlying
molecular mechanism.

Based on our /n vivo proof of concept that an HDI alleviates
CCD phenotypes (Bae, Yoon et al. 2017), we here tested whether
nicotinamide could restore the delayed tooth eruption in Runx2”"
mice. When considering long—term dental treatment in young CCD
patients, the safety is the most important issue together with
therapeutic effect of the drug. In terms of the safety, unlike other
HDIs, nicotinamide has been classified as a food additive rather than
a drug and shows a low incidence of side effects and toxicities
(Rolfe 2014). Also, nicotinamide has an established safety profile
even at high dose in human (8 g/day) (Damian 2017). In our study,
1% nicotinamide (w/v) in drinking water provided to pregnant and
nursing mice (1.19 g/kg), which equates to a 5.76 g dose of
nicotinamide for a 60 kg person, did not show any notable toxic
effects. When the dosage is converted to human equivalent dose

(HED), it is within the range of safety profile. For this reason, it is
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thought that nicotinamide is well suited for this indication. The
current study showed that nicotinamide increases the expression
and transactivation activity of RUNXZ wvia Sirt2 inhibition.
Nicotinamide—activated RUNXZ2 enhances Csf/ expression in bone—
forming osteoblasts and subsequently stimulates osteoclast
differentiation, leading to the rescue of delayed tooth eruption in
Runx2”~ mice. On the basis of a proven safety profile and our
current findings, nicotinamide may be considered for the treatment
of dental abnormalities of CCD patients in the clinic as a RUNX2
activator.

CSF1 is a critical factor for osteoclastogenesis. Op/op mice,
which lack Csfl, exhibit impacted teeth because of a deficiency in
osteoclast activity (Ida—Yonemochi, Noda et al. 2002). It has been
reported that the impairment of osteoclast differentiation in CCD
patients 1s due to the decreased RANKL expression and
RANKL/OPG ratio in bone—forming cells by the loss of RUNX2
(Enomoto et al. 2003; Wang et al. 2016). However, our study
clearly indicates that CSF1 is the crucial target for the defect in
osteoclast differentiation and the delayed tooth eruption in Runx2""
mouse. The Csfl mRNA and protein level were downregulated in
Runx2"”~ osteoblasts, while there were no significant differences in
Rankl or Opg mRNA levels or Rankl/Opg ratio between WT and
Runx2'~ osteoblasts. This discrepancy may be attributed to
differences of the spatiotemporal expression of Csfl, Rankl, and
Opg in tissue samples and primary cell systems tested between our
and other groups. However, nicotinamide significantly increased the

Rankl/Opg ratio in both WT and Runx2” osteoblasts via an
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increase in Rankl expression and a decrease in Opg expression
(Figure 3). It has been reported that CsfI downregulates Opg
expression in DFCs for the alveolar bone resorption needed for
tooth eruption (Wise, Yao et al. 2005). Our results showed
increased Csfl and decreased Opg expression upon nicotinamide
treatment (Figures 31 and K). These results suggest that the
decreased Opg expression can be affected by nicotinamide —induced
Csfl expression. In addition, the increase in Rankl/Opg ratio may
have maximized the effect of the nicotinamide restoration of
delayed tooth eruption in CCD mice. Nicotinamide has been reported
to upregulate RUNXS3 expression through epigenetic activation and
post—translation modification by Sirt2 inhibition (Kim, Lee et al.
2011). In this study, we confirmed that nicotinamide increases the
expression and transacting activity of RUNXZ either. Moreover, the
decreased RUNXZ2 level by the forced Sirt2 expression was rescued
by nicotinamide. Although further study would be required to
conclude that Sirt2 is indispensable factor in the nicotinamide—
induced Runx?2 expression, our current study shows that Sirt2 is
involved in nicotinamide —induced RunxZ2 expression.

In summary, the present study shows for the first time that
CSF1 level, not RANKL and OPG, is significantly reduced in
Runx2”~ osteoblasts compared to WT and nicotinamide restores
delayed tooth eruption in Runx2”" mice with CCD phenotypes. We
summarized its underlying mechanism in Figure 5C, which
nicotinamide increases Csfl expression in FunxZ—haploinsufficient
osteoblasts via RUNXZ accumulation induced by Sirt2 inhibition,

facilitating osteoclast differentiation for alveolar bone resorption for
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tooth eruption. On the basis of this study, we propose nicotinamide
as a candidate therapeutic drug for delayed or unerupted teeth in
CCD patients. As nicotinamide stimulates bone remodeling via
stimulation of both osteoblasts and osteoclasts, it may also facilitate

orthodontic tooth movement by enhancing bone remodeling.
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V. Conclusion

In this study, we aimed to determine the effect of NAM on the
regulation of bone homeostasis. In partl, NAM not only promoted
mitochondrial metabolism but also induced osteogenic differentiation
by regulating intracellular ROS levels in osteoblasts. In part2, the
delayed tooth eruption in Runx2”™ mice was due to the decreased
osteoclast differentiation caused by Runx’? deficient osteoblasts
accompanying reduced Csf/ level, an important osteoclast
differentiation inducing factor.

NAM, a water—soluble vitamin B3, has been used for a long time to
treat various diseases due to its safety profile. However, the effect
of NAM on bone metabolism remains unclear. In this study, we
established that NAM plays an important role in the regulation of
both osteoblasts and osteoclasts. The results showed that various
NAM concentrations either indirectly stimulated osteoclast
differentiation by regulating osteoblasts or directly promoted
osteoblast differentiation by targeting different Sirt. However,
osteoblasts and osteoclasts always interact together in the process
of bone remodeling, and a tightly regulated balance between the two
is crucial. Thus, further studies are required to determine how NAM

affect the communication between osteoblasts and osteoclasts.
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