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Abstract:Nuclear factor E2-related factor 2 (nrf2) is accepted as an important transcription factor in the regulation
of many phase Il detoxifying enzymes and oxidative-stress-inducible genes in many tissues including bone and
cartilage. However, little attention has been paid to precise role of nrf2 on osteoblasts and chondrocytes. In the
present study, we therefore investigated the role of nrf2 in the regulation of cell proliferation, differentiation
and maturation using both MC3T3-E1 and ATDCS5 cells. In MC3T3-EL1 cells stably transfected with nrf2
(MC3T3-E1-nrf2 clone), the differentiation-dependent induction of alkaline phosphatase activity was
significantly inhibited in addition to decrease of the mineralized matrix formation. Moreover, expression of
mRNAs for osteocalcin and type | collagen was also markedly attenuated in MC3T3E1-nrf2 clone but not in
MC3T3E1-empty vector clone. These inhibitory effect on cell differentiation was also observed in ATDC5
cells stably transfected with nrf2. Moreover, nrf2 significantly impaired the runx2-dependent enhancement of
osteocalcin promoter activity. These data suggest that nrf2 may negatively regulate the differentiation of both

osteoblasts and chondrocytes through inhibition of the runx2 dependent transcriptional activity.
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Introduction

In bone tissues, two distinct cell types are known to
sophisticatedly regulate bone formation and maintenance®?. These
are bone-forming osteoblasts and bone-resorbing osteoclasts. The
osteoblast lineage is derived from primitive multipotent
mesenchymal stem cells with potentiality to differentiate into bone
marrow stromal cells, chondrocytes, muscles and adipocytes®,
while osteoclasts are multinucleated cells derived from the fusion
of mononuclear hematopoietic precursors®. The development and
differentiation of these two distinct cells are under the tight
regulation by a number of transcription factors. Among them,
Runx2, a cell-specific member of the Runt family of transcription
factors, play a pivotal role in osteoblastic differentiation. Runx2
is the earliest and most specific molecular marker of the osteoblast
lineage, its expression is both necessary and sufficient to induce
osteoblast differentiation, and it regulates expression of most genes
characteristic of the osteoblast phenotype®®”. Runx2 is also
required for chondrocyte hypertrophy in bones ossifying through
endochondral ossification®.

Transcription factor nuclear factor E2-related factor 2 (nrf2)
belongs to the cap-n-collar family of activators that shares a highly
conserved basic region-leucine zipper structure®. Nrf2 forms
heterodimers with the small Maf proteins, and binds to the
antioxidant responsive element or electrophile responsive elements
of target genes, followed by regulation of many phase Il
detoxifying enzymes and oxidative-stress-inducible genes in many
tissues including bone and cartilage!®*> However, little attention
has been paid to precise role of nrf2 on osteoblasts and
chondrocytes. In the present study, we therefore investigated the
role of nrf2 in the regulation of cell proliferation, differentiation
and maturation using both MC3T3-E1 and ATDCS5 cells.

Materials and Methods
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In situ hybridization analysis

Sections mounted were fixed with 4% paraformaldehyde,
followed by treating with 0.2 M HCI and subsequent treating with
10 mg/mL Proteinase K. Sections were then subjected to
acetylation in 0.1 M triethanolamine/0.25% acetic anhydride and
subsequent stepwise dehydration in 70, 80, 90, 95 and 100 %
ethanol. After being dried, sections were covered with digoxigenin
(DIG)-labeled cRNA probes at 65°C for 16 h. Post-hybridization
washes were done stepwise with 4XSSC at 65°C, 50% formamide
in 2XSSC at 65°C, 4 mg/mL RNase A at 37°C, 2XSSC at 65°C,
0.2XSSC at 65°C, and then 1.5% blocking buffer. Subsequently,
sections were incubated with anti-DIG-AP antibody at 4°C for 16
h, followed by treating with NBT/BCIP for different periods.

Stable transfection

MC3T3-E1 and ATDCS5 cells were plated at a density of 1.5 x
10° cells/cm?. After 24 h, they were stably transfected with pEF
containing the full-length coding region of nrf2 (MC3T3-E1-nrf2
and ATDC5-nrf2) or with the empty vector (MC3T3-E1-EV and
ATDC5-EV) using 2 pg of DNA and Lipofectamine and Plus
regent (Invitrogen, Carlsbad, CA) in 10 ml of medium. After 24
h, and every 48 h thereafter for 2 weeks, media were replaced
with fresh media containing 600 pg/ml of G418. This dose and
duration of treatment resulted in the death of all nontransfected
cells within 10 days. Pools of 10 clones of MC3T3-E1-nrf2 and
ATDC5-nrf2 were isolated for further studies. Pools of clones
between passages 2 and 5 were used for the experiments reported.

Constructs and Luciferase Assay

A full-length mouse osteocalcin promoter with luciferase as
the reporter gene (OG2) was generously gift from Dr. Karsenty.
OG2 reporter was co-transfected with TK-Renilla luciferase
construct in either the presence or absence of nrf2 and/or runx2
expression vector into MC3T3-EL1 cells and COS7 cells. Two days
after transfection, cells were lysed, and luciferase activity was
determined using specific substrates in a luminometer according
to the manufacture’s protocol (Promega Madison, MI).
Transfection efficiency was normalized by determining the activity
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of Renilla luciferase.

Data analysis

Results are all expressed as the mean+S.E. and the statistical
significance was determined by the two-tailed and unpaired
Students’ t-test or the one-way analysis of variance ANOVA with
Bonferroni/Dunnett post hoc test.

Results

Expression of nrf2 in bone and cartilage

In order to at first evaluate the possible expression of nrf2 in
bone and cartilage, in situ hybridization was conducted on sections
dissected from neonatal mouse tibia. type | collagen was
specifically expressed by osteoblasts without any layers of
differentiating chondrocytes. In addition, type Il collagen was
preferentially expressed by proliferating to prehypertrophic
chondrocytes and type X collagen was highly expressed by
hypertrophic chondrocytes. Under the experimental conditions
used here, nrf2 was expressed in osteoblasts on trabecular bone
as well as all chondrocyte layers.

Expression of nrf2 in MC3T3-E1 cells

To examine whether nrf2/Maf signaling molecules are indeed
expressed in MC3T3-E1 osteoblastic cells, RT-PCR analysis was
conducted. Semi-quantitative RT-PCR revealed that expression
of mMRNA was drastically increased for osteocalcin during
culturing from 14 days with a gradual increase thereafter up to 28
days, while a sustained expression was seen in mMRNA expression
for both type | collagen and runx2 for a period up to 28 days.
Under these conditions, Expression of mRNA for nrf2 was
gradually increased 3 to14 days, while no marked alteration was
found in Keapl, MafF and MafG mRNA expression at any stages
examined.

Effect of nrf2 on osteoblastic differentiation

To assess whether stable expression of nrf2 could alter the pro-
gram of osteoblastic differentiation, MC3T3-E1 and ATDCS cells
were stably transfected with pEF containing the full-length coding
region of nrf2 (MC3T3-E1-nrf2 and ATDC5-nrf2) or with the empty
vector (MC3T3-E1-EV and ATDC5-nrf2). In MC3T3-E1-nrf2 cells,
marked decrease was found in alkaline phosphatase activity as well
as the expression of type | collagen and osteocalcin when com-
pared with MC3T3-E1-EV cells. In addition, intensity of alizarin
red staining and Ca?* accumulation were also significantly decreased
in MC3T3-E1-nrf2 cells.

Effect of nrf2 on runx2-dependent OG2 reporter activity

An attempt was next made to determine the possible mecha-
nisms of nrf2 on osteoblastic differentiation by determination of
reporter activity using mouse osteocalcin promoter, 0G2. 0G2
reporter activity was significantly enhanced by runx2 expression
as previously reported, while no marked increase was found by
transfection with nrf2 alone. In contrast, nrf2 significantly impaired
the runx2-dependent enhancement of OG2 reporter activity when

it was simultaneously transfected with runx2.

Discussion
The essential importance of the present findings is that the
overexpression of nrf2 markedly inhibited osteoblastic
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differentiation. In addition, nrf2 almost completely inhibited
runx2-dependent osteocalcin promoter activity. To our knowledge,
this paper deals with the first direct demonstration of functional
expression of nrf2 in osteoblasts. Although several previous studies
have already demonstrated the functional expression of nrf2 in
bone!?1¥ no direct evidence for a role of it in mechanisms
underlying the cellular differentiation in osteoblasts is available
in the literature to date.

Nrf2/Maf signaling machineries could be thus a target for the
development of a drug useful for the treatment and therapy of a
variety of bone diseases relevant to abnormal development and
maturation of osteoblasts in human beings.
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