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Abstract

Mesenchymal stromal stem cells (MSCs) or skeletal stem cells (SSCs) play a major
role in tissue repair due to their robust ability to differentiate into osteoblasts,
chondrocytes, and adipocytes. Complex cell signaling cascades tightly regulate
this differentiation. In osteogenic differentiation, Runt-related transcription fac-
tor 2 (RUNX2) and ALP activity are essential. Furthermore, during the latter
stages of osteogenic differentiation, mineral formation mediated by the osteo-
blast occurs with the secretion of a collagenous extracellular matrix and calcium
deposition. Activation of nuclear factor erythroid 2-related factor 2 (NRF2), an
important transcription factor against oxidative stress, inhibits osteogenic differ-
entiation and mineralization via modulation of RUNX2 function; however, the
exact role of NRF2 in osteoblastogenesis remains unclear. Here, we demonstrate
that NRF2 activation in human bone marrow-derived stromal cells (HBMSCs)
suppressed osteogenic differentiation. NRF2 activation increased the expression
of STRO-1 and KITLG (stem cell markers), indicating NRF2 protects HBMSCs
stemness against osteogenic differentiation. In contrast, NRF2 activation en-
hanced mineralization, which is typically linked to osteogenic differentiation.
We determined that these divergent results were due in part to the modulation of

Abbreviations: AA2P, ascorbate-2-phosphate; ALP, alkaline phosphatase; BGP, beta-glycerophosphate; BMC, bone mineral content; BMD, bone
mineral density; BMSCs, bone marrow-derived stromal cells; BS, bone surface; BS/BV, bone surface/bone volume; BSA, bovine serum albumin; BV,
bone volume; CDDO-Im, 1-(2-Cyano-3,12-dioxooleana-1,9-dien-28-oyl) imidazole; CDK, cyclin-dependent kinase; DEM, diethyl maleate; DEX,
dexamethasone; DMSO, dimethyl sulfoxide; dsDNA, double-stranded DNA; DW, distilled water; ER, endoplasmic reticulum; EthD-1, ethidium
homodimer-1; FCS, fetal calf serum; GST, glutathione S-transferase; HBMSCs, human bone marrow-derived stromal cells; HO-1, heme oxygenase-1;
IDO, indoleamine 2,3-dioxygenase; IL, interleukin; KEAP1, Kelch-like ECH-associated protein 1; KITLG, c-KIT ligand; MACS, magnetic-activated
cell sorting; MSCs, mesenchymal stromal stem cells; NQO-1, NAD(P)H quinone dehydrogenase 1; NRF2, nuclear factor erythroid 2-related factor 2;
OPN, osteopontin; PBS, phosphate-buffered saline; PFA, paraformaldehyde; PMCA, plasma membrane Ca**-ATPase; PNPP, p-Nitrophenol
phosphate; RUNX2, runt-related transcription factor 2; SCF, stem cell factor; SDF-1, stromal cell-derived factor-1; SERCA, Sarco/endoplasmic
reticulum calcium ATPase; SPP1, secreted phosphoprotein 1; SSCs, skeletal stem cells; a-MEM, alpha-Minimum Essential Medium; pCT,
micro-computed tomography.
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1 | INTRODUCTION

Mesenchymal stromal stem cells (MSCs) or skeletal stem
cells (SSCs) possess an ability to differentiate down the
stromal lineage to generate osteoblasts, chondrocytes,
and adipocytes."™ A plethora of studies have demon-
strated SSC proliferation, stromal differentiation poten-
tial, adherence to tissue culture plastic, and presence of
cell surface markers.'” Bone marrow-derived stromal
cells (BMSCs) play a central role in bone homeostasis,
in which the factors, regulators, and mechanisms that
modulate BMSCs proliferation and differentiation and
subsequent functional mineralized tissue hold promis-
ing clinical application in metabolic bone diseases and
in bone regeneration. BMSC differentiation is a tightly
temporally regulated process involving a number of sig-
naling cascades with, for example, Runt-related tran-
scription factor 2 (RUNX2) playing a fundamental role
in osteogenic differentiation and the upregulation of
osteogenic-related genes including ALP, osteocalcin,
and osterix.®® Mineralization occurs in the final stages
of osteogenic differentiation, whereby mature differen-
tiated osteoblasts form the bone matrix with osteoblasts
subsequently embedded in the bone matrix, developing
into osteocytes.9

The nuclear factor erythroid 2-related factor 2
(NRF2) has been identified as a central transcrip-
tion factor which upregulates a number of cytopro-
tective and antioxidant genes through binding to
antioxidant-responsive elements.'®'! The Kelch-like
ECH-associated protein 1 (KEAP1) acts as a NRF2-
negative regulator via ubiquitination for proteasomal
degradation.'” KEAP1 contains rich cysteine residues
that serve as a sensor for free radicals and activated
KEAP1 lose their binding affinity to NRF2.">!* The
KEAP1-NRF2 system has been reported to be essential
for the cell defense mechanism against oxidative stress
and xenobiotic electrophiles.'* Under oxidative stress
condition, stabilized NRF2 has been shown to disso-
ciate from KEAP1 and to translocate into the nucleus

cellular calcium flux genes by NRF2 activation. The current findings demonstrate
a dual role for NRF2 as a HBMSC maintenance factor as well as a central factor in
mineralization, with implications therein for elucidation of bone formation and
cellular Ca*" kinetics, dystrophic calcification and, potentially, application in the
modulation of bone formation.

calcium flux, HBMSCs, mineralization, NRF2, osteogenic differentiation, stemness

to activate the transcription of a number of target
genes including NAD(P)H quinone dehydrogenase 1
(NQO1), heme oxygenase-1 (HO-1), and glutathione
S-transferase (GST). To date, the role of NRF2 in os-
teogenic differentiation remains unclear with prior
research indicating age, genetic background, cell ori-
gin, normal and pathological settings all influence the
role of NRF2 in osteogenesis."” Hinoi et al. reported
that NRF2 overexpression impaired osteogenic differ-
entiation and mineralization through interference of
RUNX2 activity on the osteocalcin promoter region
in mouse osteoblast MC3T3-E1 cells.’® Beck and col-
leagues demonstrated that osteogenic induction in-
creased NRF2 expression spontaneously in MC3T3-E1
cells,’”” and NRF2 was required for normal postnatal
bone acquisition in mice.!® However, there is a pau-
city of information on the role of NRF2 in inducing
human bone marrow-derived stromal cells (HBMSCs)
osteogenic differentiation."

The current studies have examined the role of
NRF2 activator in differentiating HBMSCs towards
the osteogenic lineage and the modulation by NRF2
of HBMSCs to promote mineralization in comparison
to normal osteogenic culture conditions. The current
results demonstrate NRF2 activation suppresses osteo-
genic medium-generated upregulation of osteogenic
gene expression and function. The suppression of
osteogenic activity was noted to be partially through
enhancement of HBMSCs stemness. In contrast to the
inhibited osteogenic differentiation induced by NRF2,
NRF2 activation enhanced mineralization, a process
associated with osteogenesis. Our current studies
demonstrate this divergence was a consequence of the
modulation of cellular calcium flux genes by NRF2
activation. Thus, we propose NRF2 is a key HBMSCs
maintenance factor as well as a central factor in min-
eralization, with implications therein for elucidation
of dystrophic calcification and, potentially, application
in the modulation of bone formation and regenerative
medicine.
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2 | MATERIALS AND METHODS

2.1 | Isolation, culture,
differentiation, and treatment of
HBMSCs and STRO-1 positive cells

Human bone marrow samples containing pieces of tra-
becular bone were collected from hip replacement surgery
with local ethics committee approval of the University of
Southampton and Research Governance Office and the
North West-Greater Manchester East Research Ethics
Committee (18/N'W/0231). HBMSCs and STRO-1 positive
cells were isolated as previously described.??! In brief,
bone marrow samples were washed with alpha-Minimum
Essential Medium (a«-MEM) (#11900016, Gibco, Thermo
Fisher Scientific, UK) to obtain the HBMSCs fraction. The
cell suspension was passed through a 70 pm cell strainer
(#22363548, Thermo Fisher Scientific) to remove debris.
Filtered cell suspension was centrifuged, and the cell pel-
let was resuspended with basal growth medium (Basal)
consisting of a-MEM supplemented with 10% fetal calf
serum (FCS) (#10270106, Gibco) and 1% penicillin-strep-
tomycin (#15140122, Thermo Fisher Scientific) and cul-
tured at 37°C in a humidified incubator containing 5%
CO, balanced air. After 1week of cell isolation, these cells
were washed vigorously with phosphate-buffered saline
(PBS) (#BR0014G, Fisher Scientific, UK) to remove cells
that were not stuck to the tissue plastic, and then HBMSCs
were obtained based on their ability to adhere to plastic
cell culture flasks. Subsequently, the Basal medium was
replaced regularly at 3 or 4-day interval, and passag-
ing the cells underwent only when they reach over 70%
confluence.

For enrichment of STRO-1, the mononuclear cells
were collected from whole HBMSCs suspension using
Lymphoprep™ (#07851, STEMCELL Technologies,
Canada). STRO-1 positive cells were isolated from mono-
nuclear cells using primary STRO-1 antibody (undiluted
hybridoma culture supernatant) and magnetic-activated
cell sorting (MACS) according to the manufacturer's in-
structions (Miltenyi Biotec, Surrey, UK), as previously
described.?**!

HBMSCs and STRO-1 positive cells were used for ex-
aminations within passages from one to three except long
passage experiment (Figure S3A). Basically, 1.2 X 10* cells
were seeded onto 24-well plate (1 mL/well) in triplicate,
and 3x10* cells were used for only Figures 1A,C,D and
4 experiments. The medium was refreshed by each treat-
ment group medium every 3 or 4days. The Basal medium
supplemented with 50 uM ascorbate-2-phosphate (AA2P)
and 10nM dexamethasone (DEX) was used as osteo-
genic induction medium (Osteo or Os), and additionally,
Osteo medium with 2mM beta-glycerophosphate (BGP)
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was used for mineralization medium (MM). We used 1-
(2-Cyano-3,12-dioxooleana-1,9-dien-28-oyl) imidazole
(CDDO-Im) (#SML3452, Sigma-Aldrich, UK) and di-
ethyl maleate (DEM) (#11316696, Fisher Scientific) as the
NRF?2 activator and supplemented into Basal, Osteo, and
MM medium according to each concentration. Dimethyl
sulfoxide (DMSO) (#D5879, Sigma-Aldrich) was used as
a vehicle control (VC) and its concentration was matched
to the maximum concentration of DMSO of CDDO-Im
or DEM in the same experiment (100nM CDDO-Im and
100 uM DEM contained 0.1% DMSO, and 25nM CDDO-Im
contained 0.025% DMSO). The treatment medium data is
detailed in Table 1.

2.2 | Alamar blue assay

3x10* cells were seeded with Basal medium in triplicate
on a 24-well plate and then treated with Basal, VC, and
each concentration of CDDO-Im respectively for 1, 4, and
7 days at 37°C with 5% CO,. Control wells placed no cells
were administered Basal medium for background control.
Alamar blue assay was carried out using alamarBlue™ HS
Cell Viability Reagent (#A50100, Thermo Fisher Scientific)
according to manufacturer's instructions. Briefly, culture
medium was removed and cells were washed with PBS.
Alamar blue working solution (10% Alamar blue solution
in Basal) was added to each well (500 pL/well) including
background wells. After 2h incubation at 37°C, 100 pL of
cell supernatant from each well was transferred to 96-well
plate with triplicate and fluorescence was quantified with
520nm excitation and 580-640 nm emission wavelengths
using a GloMax® Discover microplate reader (Promega,
Southampton, UK). The sample data were adjusted by
subtracting the average value of the background.

2.3 | Live/dead cell assay

To measure cytotoxicity, we labeled HBMSCs by Vybrant™
CFDA SE (#V12883, Invitrogen, UK) for live cell and eth-
idium homodimer-1 (EthD-1) (#E1169, Invitrogen) for
dead cell. We seeded 3x 10 cells with Basal medium in
triplicate on a 24-well plate and then treated with Basal,
VC, and each concentration of CDDO-Im respectively at
37°C with 5% CO,. The medium was changed with the
same treatment medium every 3 or 4days. After 7days of
treatment, cells were washed three times with PBS and
stained with Vybrant/EthD-1 mixed working solution (PB
S:Vybrant:EthD-1=5000:1:200) for 15min. After staining,
the solution was removed and the cells were incubated
with each treatment medium overnight at 37°C with
5% CO,. Finally, cells were fixed with 70% Ethanol and
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FIGURE 1 Cytotoxicity of CDDO-Im treatment in human bone marrow-derived stromal cells (HBMSCs). (A) RT-qPCR expression of
NQO1 in HBMSCs (n =3 wells per group). Cells were cultured with each treatment media for 7 days. The expression of 18S was employed

for normalization. Mean value of Basal was set as 1. (B) The amount of double-stranded DNA (dsDNA) in HBMSCs (n=3 wells per group).

Cells were cultured with each treatment medium for 7days. (C) Changes in fluorescence due to Alamar blue reduction in HBMSCs (n=3

wells per group). Cells were cultured with each treatment medium for 1, 4, and 7days. (D) Live/dead cell staining with Vybrant/ethidium

homodimer-1 (EthD-1) of HBMSCs cultured with each treatment medium for 7 days. Representative results from 3 wells per group are

shown. Scale bar: 200 pm. The culture media data are described in Table 1. All values are expressed as mean +SD. One-way analysis of

variance (ANOVA) followed by Tukey's multiple comparison test was conducted at each time point for statistical significance. *p <.05,

**p <.005, ***p <.0005, ****p <.0001 versus Basal treatment group.

images were taken using Zeiss Axio Observer.D1 (Carl
Zeiss, Jena, Germany).

2.4 | Double-stranded DNA (dsDNA)
quantification

PicoGreen (#10535213, Invitrogen) was used for dsDNA
detection and quantification. 1.2x10* cells were seeded
with Basal medium in triplicate on a 24-well plate and
then treated with Basal, VC, and each concentration of
CDDO-Im respectively at 37°C with 5% CO,. The medium
was changed with the same treatment medium every 3 or
4days. After 7days of treatment, cells were washed with
PBS twice and then lysed using 200 uL of CelLytic™ M
reagent (#C2978, Sigma-Aldrich) for 15min of incuba-
tion at room temperature. Herring Sperm DNA (#D1811,

Promega) was used for dsDNA standards. Cell lysate
samples and standards were incubated with PicoGreen
solution (diluted 1/200 in 1x Tris-EDTA buffer [#T9285,
Sigma-Aldrich]) for 5min in the dark, and fluorescence
was measured at blue 475nm excitation and 500-550nm
emission by a GloMax® microplate reader.

2.5 | Measurements of alkaline
phosphatase specific activity

Alkaline phosphatase (ALP) activity was measured col-
orimetrically. Cell lysate samples were prepared using
CelLytic™ M reagent and were incubated with substrate
buffer solution (1.5M Alkaline buffer solution [#A9226,
Sigma-Aldrich] diluted in distilled water [DW] and added
Phosphatase substrate [#P4744, Sigma-Aldrich]) at 37°C
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in the dark for a specific time (until obviously changed
the color into yellow). To stop the reaction, we added 1M
sodium hydroxide solution prior to reading absorbance
on the GloMax® microplate reader at 405nm. We used
p-Nitrophenol phosphate (PNPP) solution mixed with
the assay buffer solution (DW:1.5M Alkaline buffer solu-
tion [#A9226, Sigma-Aldrich]:IGEPAL® CA-630 [#13021,
Sigma-Aldrich] =1000:500:3) with serial dilution for mak-
ing up standard curve. We simultaneously underwent
dsDNA quantification and the values of dsSDNA were em-
ployed for normalization.

2.6 | Alkaline phosphatase staining

To confirm osteogenic differentiation, ALP staining was
conducted. In brief, cells were fixed with 95% Ethanol for
10-15min and then treated with ALP staining solution
(Naphthol AS-MX Phosphate Alkaline Solution [#855,
Sigma-Aldrich] diluted in DW and added Fast Blue BB
Salt [#F3378, Sigma-Aldrich]) at 37°C under dark for 1h.
After incubation, cells were washed with DW to remove
nonspecific staining and observed microscopically.

2.7 | Measurements of calcium deposits
Calcium deposition and mineralization were accessed by
Alizarin red S (ARS) staining. Cells were cultured with
MM or MM with VC and CDDO-Im medium for 14 and
21days. Basal medium group was set as the negative con-
trol. Cells were washed with PBS twice and fixed with 4%
paraformaldehyde (PFA) for 15min at room temperature.
After fixation, cells were stained with pH4.1-4.3, 40 mM
Alizarin red S solution (#A5533, Sigma-Aldrich) for 1h,
at room temperature, on a shaker. The staining solution
was discarded, and the cells were washed with DW until
the stain was no longer released. Images were taken using
Zeiss Axiovert 200 (Carl Zeiss). We measured calcium
deposit area of images using CellProfiler (version 4.2.5,
Broad Institute).”? The image of Basal group was used for
background.

2.8 | Immunocytochemistry

STRO-1 immunofluorescence staining was performed
using cultured cells. The cells were fixed in 4% PFA at
room temperature for 15min. After washing with PBS,
the cells were permeabilized by 0.1% Triton-X-100 for
5min. Then, the cells were incubated with 5% bovine
serum albumin (BSA) (#A3294, Sigma-Aldrich) in PBS
for 2h, at room temperature, for blocking non-specific
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staining, followed by 1h of incubation with STRO-1 hy-
bridoma supernatant at room temperature. After wash-
ing with PBS, cells were incubated with Alexa Fluor
594-labeled anti-mouse IgM antibody (1:100, #A21044,
Thermo Fisher Scientific) in blocking solution for 1h
at room temperature. From this procedure, samples
were protected from light and additionally stained
with DAPI. Samples were mounted in Hydromount
(#17966, Electron Microscopy Sciences, Hatfield, PA,
USA). Fluorescent labeling was detected using a Zeiss
Axio Observer.D1. The area of STRO-1 positive cells was
quantified using NIH ImagelJ software (http://rsb.info.
nih. gov/ij/).

2.9 | RNA extraction, cDNA
synthesis, and real-time quantitative PCR
(RT-qPCR)

Total RNA was isolated from cells using ReliaPrep™
RNA Miniprep Systems (#Z6010, Promega) accord-
ing to the manufacturer's protocol, and levels of RNA
quantity were measured using a NanoDrop (ND-1000,
Thermo Fisher Scientific). We synthesized cDNA from
total RNA using TagMan™ Reverse Transcription
Reagents (#N8080234, Invitrogen). RT-qPCRs were
performed on an Applied Biosystems 7500 Real-Time
PCR System (#4351106, Thermo Fisher Scientific) using
GoTaq® qPCR Master Mix (#A600A, Promega) or RT?
SYBR Green ROX 1PCR Mastermix (#330523, QIAGEN,
Hilden, Germany). We evaluated relative mRNA ex-
pression by AACT method using 18S for normalization
as human endogenous control.”> Primers used for RT-
gPCRs are detailed in Table 2.

2.10 | Organotypic chick femur culture
Femurs were dissected from 11-day-old chick embryos.
The soft tissues attached to femur such as muscles and
ligaments were carefully removed. Femurs were cul-
tured on the organotypic setup previously described.***
Basal medium for organotypic culture consisted of a-
MEM, 10% FCS, 1% penicillin-streptomycin, and 100 pM
AA2P. MM for organotypic culture consisted of basal
organotypic culture medium supplemented with 10nM
DEX and 4mM BGP (organotypic culture medium data
is detailed in Table 1). Culture medium was changed
daily for the duration of the experiment (10days) (n=9
femurs per group). After incubation, samples were di-
rectly used for live/dead cell staining, or fixed in 4% PFA
and then scanned using micro-computed tomography
(hCT).
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TABLE 1 Treatment medium data for in vitro and ex vivo assays.

Name Abbreviation in figures
Basal growth medium Basal

Vehicle control vC

25nM CDDO-Im 25nM

50nM CDDO-Im 50nM

100nM CDDO-Im 100nM

Osteogenic induction medium Osteo

Osteogenic induction medium Os+ VC

with vehicle control

Osteogenic induction medium
with CDDO-Im

Osteogenic induction medium Os + each concentration DEM

with DEM

Mineralization medium MM

Mineralization medium with MM +VC

vehicle control

Mineralization medium with MM +25nM CDDO-Im

CDDO-Im
Mineralization medium with
DEM

MM + 25uM DEM

Basal growth medium for Basal (used in Figure 6)

organotypic culture
Mineralization medium for
organotypic culture

MM (used in Figure 6)

Mineralization medium for
organotypic culture with vehicle
control

MM + VC (used in Figure 6)

Mineralization medium for

organotypic culture with Figure 6)
CDDO-Im
211 | Live/dead cell staining for

cultured chick femur

Cultured chick femurs were incubated with live/dead
cell solution comprising of 5pg/mL EthD-1 (#E1169,
Invitrogen), 10 pg/mL Cell Tracker™ Green CMFDA Dye
(#C7025, Invitrogen), and Basal medium for organotypic
culture at 37°C for 1h. After incubation in the live/dead
solution, chick femurs were additionally incubated with
Basal medium for organotypic culture. Finally, the sam-
ples were fixed using 95% Ethanol and images were taken
using Zeiss Axio Observer.D1.

Os + each concentration CDDO-Im

MM +25nM CDDO-Im (used in

Component

a-MEM supplemented with 10% FCS and 1%
penicillin-streptomycin

Basal medium with 0.1% DMSO

Basal medium with 25nM CDDO-Im

Basal medium with 50nM CDDO-Im

Basal medium with 100nM CDDO-Im

Basal medium supplemented with 50 pM ascorbate-2-
phosphate and 10nM dexamethasone

Osteo medium with DMSO

Its concentration was matched to the maximum
concentration of DMSO of CDDO-Im or DEM in the
same experiment (100nM CDDO-Im and 100 pM DEM

contained 0.1% DMSO, and 25nM CDDO-Im contained
0.025% DMSO)

Osteo medium with each concentration of CDDO-Im
Osteo medium with each concentration of DEM

Basal medium supplemented with 50 pM ascorbate-
2-phosphate, 10nM dexamethasone, and 2mM
beta-glycerophosphate

MM with 0.025% DMSO
MM with 25nM CDDO-Im
MM with 25pM DEM

o-MEM supplemented with 10% FCS, 1% penicillin-
streptomycin and 100 pM ascorbate-2-phosphate

Basal medium for organotypic culture supplemented with

10nM dexamethasone and 4 mM beta-glycerophosphate
MM for organotypic culture with 0.025% DMSO

MM for organotypic culture with 25nM CDDO-Im

212 | pCT and analysis

Bone formation analysis of organotypic chick femurs
cultured for 10days was determined using a MILabs OI-
CTUHXR preclinical imaging scanner (MILabs, Utrecht,
The Netherlands) operated at 50 kV with 75 milliseconds
exposure time per projection and 360 degrees scan angle.
Raw data was collected and reconstructed using MILabs
software (MILabs-Recon 11.00) with 10 um voxel size
resolution. The reconstructed femurs were visual-
ized and analyzed for bone formation using Imalytics
Preclinical software ver. 3.0 (Gremse-IT GmbH, Aachen,

85U80|7 SUOWILWIOD BAITID) 3ot |dde ay3 Aq pausenob a1e sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A eIq 1 Ul UO//:SANY) SUOTIPUOD pue SWis | 8U188S *[7202/60/50] U0 AriqiTauljuo A8 |1m ‘uodwelpnos JO AiseAIuN Aq 1209001202 [1/960T 0T/I0p/LLI00" A3 1M ARe.d 1 pulju0"Gese)//:Saiy Wwoj pepeojumod ‘LT ‘%202 ‘09890€ST



ONOKI ET AL.

TABLE 2 Primers and probes used in G
ene
real-time quantitative PCR.

Human 18S
Human ALP
Human ATP2A2
Human c-MYC
Human CDKN1A
Human CDKN1B
Human COL1A1
Human KITLG
Human NQO1
Human PMCA1
Human RUNX2
Human SDF-1
Human SIRT1

Human SPP1

Germany). After gauss filter process (set 0.5), bone seg-
mentation thresholds according to the bone phantom
density were used to remove the soft tissue. The bone
microstructural analysis was performed to evaluate pa-
rameters including the bone volume (BV), bone mineral
density (BMD) bone mineral content (BMC: BV X BMD),
bone thickness, bone surface (BS), and bone surface/
bone volume (BS/BV).

2.13 | Statistical analysis

All experiments were performed at least twice using
HBMSCs isolated from different patients except for the
extended passage studies using STRO-1 positive sorted
cells. In all experiments, comparable results were ob-
tained. Furthermore, for the chick femur ex vivo assay, we
isolated chick femurs from multiple eggs (>30 eggs) and
samples were randomized throughout the study. All data

Primer/probe

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer

Reverse primer

Th|'IC-AA\SEBJourr1C|I

Sequence (5'-3")
GTAACCCGTTGAACCCCATT
CCATCCAATCGGTAGTAGCG
GGAACTCCTGACCCTTGACC
TCCTGTTCAGCTCGTACTGC
GGACTTTGAAGGCGTGGATTGTG
CTCAGCAAGGACTGGTTTTCGG
GGAGGCTATTCTGCCCATTTG
CGAGGTCATAGTTCCTGTTGGTG
AGCAGCGGAACAAGGAGT
TTACAGTCTAGGTGGAGAAACG
ATAAGGAAGCGACCTGCAACCG
TTCTTGGGCGTCTGCTCCACAG
GAGTGCTGTCCCGTCTGC
TTTCTTGGTCGGTGGGTG
AGCCTTATACTGGAAGAAGAGAC
GTTGATACAAGCCACAATTACAC
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TGTGATATTCCAGTTCCC
CAGCGTAAGTGTAAGCAA
AGATTGGCAAAGCAGGTCTGT
TAAGCCAGTGAGATCGTGACT
GTAGATGGACCTCGGGAACC
GAGGCGGTCAGAGAACAAAC
TATTACTGGGACTGTGCTCAGAGA
TGATCAGGCTACAGAAATGAGAAG
TGGCAAAGGAGCAGATTAGTAGG
CTGCCACAAGAACTAGAGGATAAGA
CTGGAAGTTCTGAGGAAAAGCAGC
GTTTAGCCATGTGGCCACAGCATC

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer

Reverse primer

are presented as the mean =+ SD. The sample size (n) for
each experiment is described in each corresponding fig-
ure legend. Statistical analysis was undertaken using one-
way analysis of variance (ANOVA) followed by Tukey's
multiple comparison test with GraphPad Prism 9 (version
9.5.1 (528), GraphPad Software, Boston, MA, USA). For
pCT analysis, outliers were removed by Smirnov-Grubbs
test from raw data based on the BV, given large variations
due to egg size, chick size, and congenital femur size.
Statistical software R (version 4.1.1) for Smirnov-Grubbs
test was applied with p-value set as .01.

For statistical analyses, p-values less than .05 (*), .005
(**), .0005 (***), and .0001 (****) were considered to be sig-
nificantly different compared to Basal group. p-values less
than .05 (7), .005 (F7), .0005 (17), and .0001 (f§1+) were
considered to be significantly different compared to Osteo
medium group. p-values less than .05 (%), .005 (), .0005
(3$%), and .0001 (£:1+4%) were considered to be significantly
different compared to MM group.
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RESULTS

3.1 | Dose-response of NRF2 activator

In this section, we have examined the dose-response of
NRF2 activator (CDDO-Im) on HBMSCs viability to deter-
mine the optimal concentration of CDDO-Im. In the first
instance, mRNA expression of a NRF2 target gene and cell
number was examined across an increasing dose range of
CDDO-Im concentrations. NQO1, a NRF2 target gene, was
significantly upregulated at 25, 50, and 100nM CDDO-Im
(Figure 1A). Cell number assessed using dsDNA levels
in the 25nM CDDO-Im treated group was comparable to
HBMSCs grown in Basal and VC groups. In contrast, 50
and 100nM CDDO-Im decreased dsDNA content dose de-
pendently (Figure 1B). Given NRF2 activation modulates
cell metabolism,”**” the metabolic activity of HBMSCs was
assessed using Alamar blue to examine cellular changes
as a consequence of NRF2 activation. HBMSC metabolic
activity, across all concentrations of CDDO-Im examined,
was significantly increased compared to Basal and VC
groups at all time points examined (Figure 1C), which
indicated NRF2 was functionally activated. Examination
of CDDO-Im cytotoxicity using live and dead cell analysis
demonstrated higher rates of ethidium homodimer uptake
in the 25, 50, and 100nM CDDO-Im groups, compared to
the Basal and VC treatment groups with less viable cells in
50 and 100nM CDDO-Im groups compared to the 25nM
CDDO-Im group. (Figure 1D).

These studies indicated 25nM CDDO-Im was the op-
timal dose for evaluation of NRF2 function on HBMSCs.
Therefore, we focused on a concentration of 25nM
CDDO-Im, in the main part, for the following analysis.

3.2 | Impact of NRF2 activation on
osteogenic differentiation

It is known osteogenic differentiation is tightly regu-
lated by a number of signaling cascades controlling
osteogenic-related markers including RUNX2 and ALP.
To confirm the influence of NRF2 on osteogenic dif-
ferentiation, HBMSCs were cultured with or without
CDDO-Im under osteogenic conditions. Osteogenic con-
ditions (Osteo medium group), as expected, increased
ALP activity compared to cells maintained in basal me-
dium (Figure 2A), ALP staining (Figure 2B,C), and ALP
gene expression (Figure 2D) at day 7 and 14. In marked
contrast, Osteo medium with CDDO-Im groups signifi-
cantly suppressed ALP activity induced by Osteo medium
in a dose-dependent manner (Figure 2A). Osteo medium
combined with 100nM CDDO-Im expressed low levels of
ALP activity comparable to the Basal group at day 7, and

all CDDO-Im concentration groups were equivalent to the
ALP activity level detected in the Basal group at day 14
of culture. Moreover, ALP staining and ALP gene expres-
sion of Osteo medium with CDDO-Im groups displayed a
similar trend as ALP activity at all time points examined
(Figure 2B-D). Gene expression of RUNX2 was observed
to be higher in the Osteo medium and Osteo medium
with VC groups compared to the Basal group at day 7 and
significantly increased at day 14 (Figure 2E). Osteo me-
dium with CDDO-Im groups expressed the same level of
RUNX2 gene expression compared to the Basal group at
day 7 and 14, and RUNX2 expression was significantly less
than the Osteo medium group at day 14. Unexpectedly,
RUNX2 expression was observed to be increased in Osteo
with 100nM CDDO-Im at Day 7 (Figure 2E) and thus po-
tentially NRF2 may influence the timing of the RUNX2
expression peak.

The current results demonstrate treatment with 25nM
CDDO-Im significantly suppressed osteogenic differen-
tiation induced by Osteo medium treatment although
higher doses of CDDO-Im treatment (50 and 100nM
CDDO-Im) led to a degree of osteogenic inhibition, poten-
tially as a consequence, in part, of cell toxicity (Figure 1).
Furthermore, to remove the possibility CDDO-Im gener-
ated a specific negative effect on osteogenic differentia-
tion via a non-NRF2 activation pathway, we investigated
cell toxicity and osteogenic differentiation using a second
NRF?2 activator, diethyl maleate: DEM. High-dose DEM
treatment showed higher rates of dead cells as CDDO-Im
and 25 uM of DEM treatment was thought to be an eligible
concentration (Figure S1A). The indices of osteogenic dif-
ferentiation were inhibited by DEM treatment with simi-
lar trends obtained from CDDO-Im (Figure S1B-D).

Taken together, these results indicate that pharmaco-
logical activation of NRF2 suppresses the osteogenic dif-
ferentiation pathway in HBMSCs.

3.3 | Modulation of stemness following
NRF2 activation

Given the ability of NRF2 to maintain stemness in
HBMSCs,' 2 we hypothesized modulation of the
stemness of the HBMSCs phenotype by NRF2 would alter
osteogenesis. Thus, we examined the impact of NRF2 ac-
tivation on HBMSCs stemness. In the following studies,
we have investigated HBMSCs progenitor marker expres-
sion, using an antibody for STRO-1, a cell surface antigen
expressed in a subpopulation of HBMSCs (< 10%) known
to identify and enrich for early osteogenic precursor and
skeletal stem cell populations.***3! STRO-1 expres-
sion was significantly increased in the Osteo medium
with CDDO-Im treatment group compared to both Basal
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FIGURE 2 Negative effects of NRF2 activation on osteogenic differentiation in HBMSCs. (A) Alkaline phosphatase (ALP) activity for
evaluating osteogenic differentiation in HBMSCs (n =3 wells per group). Cells were cultured with each treatment medium for 7 and 14 days.
The amount of dsDNA was employed for normalization. (B and C) ALP staining of HBMSCs cultured with each treatment medium for 7 and
14 days. Representative results from 3 wells per group are shown. (B) Macroscopic images. (C) Microscopic images. Scale bar: 500 pm. (D and
E) RT-qPCR for measuring mRNA expression of ALP (D) and RUNX2 (E) in HBMSCs (n =3 wells per group). Cells were cultured with each
treatment medium for 7 and 14 days. The expression of 18S was employed for normalization. Mean value of Basal was set as 1. The culture
media data are described in Table 1. All values are expressed as mean +SD. One-way ANOVA followed by Tukey's multiple comparison test
was conducted for statistical significance. *p <.05, **p <.005, ***p <.0005, ****p <.0001 versus Basal treatment group. "p<.005, "p<.0005,

TJ‘“p <.0001 versus Osteo treatment group.

and Osteo medium groups at day 14 and 21 (Figure 3A,B
and Figure S2). There were no significant differences in
STRO-1 expression in Basal, Osteo medium, and Osteo
medium with VC groups at each time point examined.
CDDO-Im treatment group without osteogenic induction
demonstrated a modestly increased level of STRO-1 ex-
pression with a significance at dayl4 when compared to

Basal group. However, STRO-1 expression of CDDO-Im
treatment group was reduced compared to Osteo medium
& CDDO-Im group. Stem cells are typically character-
ized by an elevated self-renewal potential with cell cycle
acceleration.” In contrast, HBMSCs under quiescence
(G0) demonstrate enhanced stemness, with a high differ-
entiation capacity for osteoblast development following
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FIGURE 3 Positive effect of NRF2 activation on STRO-1 expression in HBMSCs. (A) Immunocytochemistry with STRO-1 antibody
expression in HBMSCs. Cells were cultured with each treatment medium for 21 days. Representative results from 3 wells per group are
shown. Scale bar: 100 pm. (B) STRO-1 positive area was quantified using ImageJ software (n=3 wells per group) at day 14 and 21. The
culture media data are described in Table 1. All values are expressed as mean +SD. One-way ANOVA followed by Tukey's multiple
comparison test was conducted for statistical significance. *p < .05, ****p <.0001 versus Basal treatment group. Tp <0001 versus Osteo

treatment group.

post-GO reactivation.”® Members of the Cip/Kip family
of cyclin-dependent kinase (CDK) inhibitors (CDKN1A,
CDKN1B, CDKN1C) have been implicated in cell quies-
cence via negative control of CDK activity which accel-
erates cell cycle and proliferation. To determine whether
NRF2 promotes cell cycle or induces quiescence, we as-
sessed the cell cycle-related gene expression in HBMSCs
stimulated with CDDO-Im. HBMSCs treated with Osteo
medium & 25nM CDDO-Im demonstrated a decrease
in mRNA expression of CDKN1A and CDKN1B com-
pared to the Basal group (Figure 4A). However, CDKN1C

expression was not detected (data not shown). Consistent
with previous findings that osteogenic induction en-
hances cell proliferation in HBMSCs,** Osteo medium
group showed decreased CDKN1A gene expression com-
pared to Basal group. The Osteo medium & CDDO-Im
group demonstrated lower albeit non-significant gene
expressions for CDKN1A and CDKN1B compared to the
Osteo medium group. Thus, Osteo medium and Osteo
medium with CDDO-Im increased cell cycle equally.
The current results do not distinguish between whether
CDDO-Im supplemented osteogenic medium promoted
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FIGURE 4 Effects of NRF2 activation on cell cycle and stemness-related genes in HBMSCs. (A) RT-qPCR for measuring mRNA
expression of CDKN1A and CDKN1B in HBMSCs (n =3 wells per group). Cells were cultured with each treatment medium for 7days. The
expression of 18S was employed for normalization. Mean value of Basal was set as 1. (B-E) RT-qPCR for measuring mRNA expression of (B)
SDF-1, (C) SIRT1, (D) KITLG, and (E) c-MYC in HBMSCs (n =3 wells per group). Cells were cultured with each treatment medium for 2, 5,

and 7days. The expression of 18S was employed for normalization. Mean value of Basal at each time point was set as 1. The culture media
data are described in Table 1. All values are expressed as mean +SD. One-way ANOVA followed by Tukey's multiple comparison test was

versus Osteo treatment group. NS indicates not statistically significant.

cell cycle by enhancing cell stemness or, by inducing os-
teogenic differentiation. To examine stemness-associated
gene expression, we examined stromal cell-derived factor-
1 (SDF-1), SIRT1, c-KIT ligand (KITLG), and cMYC.*>"**
SDF-1 was significantly suppressed following osteogenic
induction and Osteo medium with CDDO-Im treatment
compared to Basal group at all time points examined
(Figure 4B). There was negligible change in SIRT1 gene
expression across all groups (Figure 4C), contrary to previ-
ous reports demonstrating enhanced MSC stemness, self-
renewal, and multilineage differentiation potentials via
SIRT1 upregulation by NRF2."** KITLG, implicated in
maintenance of stemness in HBMSCs,*® was significantly
upregulated in Osteo medium with CDDO-Im treat-
ment compared to both Basal and Osteo medium at all
time points examined, whereas the Osteo medium group
showed slightly increased KITLG expression only at day 7
(Figure 4D). Furthermore, Osteo medium and Osteo me-
dium with CDDO-Im treatment increased c-MYC expres-
sion compared to the Basal group with the exception of
day 5 (Figure 4E). Given that c-MYC controls cell cycle

and enhances cell proliferation as expected,” the Osteo
medium group displayed enhanced cell proliferation and
showed increased expression level of c-MYC. Thus, NRF2
activation, in part, maintains HBMSCs stemness through
KITLG upregulation. Yoon and colleagues have previ-
ously shown that NRF2 preserved differentiation capac-
ity across numerous passages,'’ we examined the ability
of osteogenic differentiation in passaged HBMSC cultures
treated with CDDO-Im. To enhance the effect of NRF2,
STRO-1 positive cells isolated by MACS were initially
cultured under Basal, VC and 25nM CDDO-Im from 2 to
4 passages (P2-4), and subsequently treated with Basal
and Osteo medium at passage 5 (Figure S3A). The ALP-
specific activity of the P2-4 Basal or VC-treated groups
demonstrated a significant increase following osteogenic
induction, at both day 7 and day 14 (Figure S3B). In con-
trast, P2-4 CDDO-Im treatment groups demonstrated a
poor response to osteogenic induction due to the increased
baseline of the ALP activity levels. Since there were
no apparent differences in ALP levels among the three
pre-treatment groups on comparison of the osteogenic
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induction arm only, it is likely that NRF2 activation did
not substantially alter osteogenic differentiation potential.
Thus, the current studies indicate NRF2 does not have
the capacity to fully maintain stemness and the osteo-
genic differentiation potential of HBMSCs across multiple
passages. Future work, outside the scope of the current
studies, incorporating CFU-OB and CFU-F analysis may
provide additional insight into the mechanisms at play.
In summary, the current data support NRF2 activation
partially maintains stemness characteristics via KITLG
upregulation, although NRF2 displayed limited effects in
enhancing stemness in HBMSCs after extended passage.
The current results demonstrate that NRF2 activation sup-
presses osteogenic differentiation via enhanced stemness.

3.4 | Enhancement of mineralization
following NRF2 activation

In this section, we have examined the effect of NRF2
activation on mineralization, given the process of osteo-
genesis is a complex temporal process that includes cell
proliferation, extracellular matrix formation, maturation,
and, finally, mineralization. To evaluate the role of NRF2
in mineralization, HBMSCs were cultured with and with-
out CDDO-Im in Basal and MM, and calcium deposition
was assessed by ARS staining. There was no significant
difference between Basal and MM treatment groups at day
14, however, by day 21 an increase in ARS staining in the
MM group was observed (Figure 5A,B and Figure S4A).
MM with CDDO-Im group showed enhanced levels of
mineralization at day 14 and 21 compared to the MM
treatment with mineral deposition evident as early as day
14. No mineral deposition was observed in only CDDO-Im
treatment group as well as in the Basal group. Comparable
results were observed using DEM (Figure S4B,C). These
results indicate that NRF2 activation by itself does not
produce mineralization, whilst the combination of NRF2
activation with mineralization induction accelerated cal-
cium deposit.

Following the observation combination treatment of
NRF2 activation and MM-enhanced mineral deposition,
we examined the possibility NRF2 activation promoted
HBMSC differentiation into mature osteoblasts and os-
teocytes. Consistent with our results that NRF2 activation
reduced osteogenic indices at day 7 and 14, it has been
demonstrated mineralized osteoblasts and osteocytes dis-
play a decline in osteogenic indicators such as ALP ex-
pression and ALP activity.*** To test this hypothesis, we
evaluated osteogenic gene expression at early time points.
RT-qPCR data revealed NRF2 activation had no effect on
ALP and RUNX2 expressions compared to the Basal and
Osteo medium groups at days 2 and 5 (Figure S5A,B). At

day 7, there was modest increase in ALP and RUNX2 ex-
pression in the Osteo medium cultured group compared to
the Basal group, while the Osteo medium with CDDO-Im
displayed significantly less ALP expression compared
to Osteo medium. The differences between osteogenic
differentiation and mineralization could be attributed
to the presence of BGP in the medium. We also investi-
gated ALP activity under Osteo medium and MM treat-
ment with CDDO-Im. At day 7, Osteo medium and MM
treatment produced a comparable increase in ALP activ-
ity. Furthermore, Osteo medium and MM groups showed
comparable results at day 14 and 21, despite the increase
in ALP activity being slightly reduced in the MM-treated
groups compared with Osteo medium group. CDDO-Im
supplementation to each medium completely diminished
ALP activity in HBMSCs at all time points examined
(Figure S6). Thus, NRF2 appears to enhance mineraliza-
tion through a distinct pathway to the classical normal os-
teogenic differentiation of HBMSCs from preosteoblast to
mineralizing osteoblast/osteocyte model.”*

To further examine the mineralization process under
NRF2 activation, we examined a number of mineral-
associated genes including COL1A1 and secreted
phosphoprotein 1 (SPP1) also known as osteopontin
(OPN).*** RT-qPCR demonstrated that COL1A1 expres-
sion was significantly decreased by MM treatment groups
including MM, MM with VC, and MM with CDDO-Im
compared to Basal group at day 7 and 14 (Figure 5C),
in consistent with previous report demonstrating a neg-
ative correlation between mineralization and gene ex-
pression of COL1A1.* Remarkably, MM with CDDO-Im
treatment further reduced COL1Al gene expression
than MM treatment group at dayl4. These results are
consistent with the results of enhanced mineralization
by NRF2 activation in ARS staining (Figure 5A,B and
Figure S4A). Meanwhile, SPP1 was upregulated follow-
ing MM with CDDO-Im treatment at day 7 compared to
other groups. In contrast, at day 14, the MM & CDDO-Im
treated groups displayed significantly reduced SPP1 ex-
pression than the MM alone group (Figure 5D). Given
SPP1 gene expression is induced by extracellular cal-
cium supplementation*® and calcium is required for
mineralization, we hypothesized that NRF2 can in part
modulate calcium flux. ATPase ion pumps are abundant
on the osteoblast cell surface.*’ Plasma membrane Ca**-
ATPase (PMCA) is distributed on the cell membrane,
and PMCA protein and mRNA expression is upregulated
in the early stages of osteogenic induction and shown to
decrease over the time course of osteoblast differenti-
ation.*® Furthermore, it is known that Sarco/endoplas-
mic reticulum calcium ATPase (SERCA) present in the
endoplasmic reticulum (ER) membrane has an import-
ant role in calcium kinetics. SERCA has three isoforms
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FIGURE 5 Effects of NRF2 activation on mineralization and calcium flux regulated genes. (A and B) Alizarin red S (ARS) staining of
HBMSCs cultured with each treatment medium for 14 and 21 days. (A) Microscopic images. Representative results from 3 wells per group
are shown. Scale bar: 200 pm. (B) Quantified data. Calcium deposits of images were quantified using CellProfiler. Basal image was used for
background. (C-F) RT-qPCR for measuring mRNA expression of COL1A1 (C), SPP1 (D), PMCAL1 (E), and ATP2A2 (F) in HBMSCs (n=3
wells per group). Cells were cultured with each treatment medium for 7 and 14 days. The expression of 18S was employed for normalization.
Mean value of Basal at each time point was set as 1. The culture media data are described in Table 1. All values are expressed as mean + SD.
One-way ANOVA followed by Tukey's multiple comparison test was conducted for statistical significance. *p <.05, **p <.005, ***p <.0005,
**¥%p < .0001 versus Basal treatment group. f‘p <.05, Hp <.005, iMp <.0005 versus MM treatment group. NS indicates not statistically
significant.
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FIGURE 6 Effects of NRF2 activation on organotypic chick femur culture. (A) Live/dead cell staining with Cell Tracker Green/EthD-1
of chick femurs cultured with each treatment medium for 10days. Representative results from 3 femurs per group are shown. Scale bar:

100 pm. (B) Reconstructed 3D images of femurs obtained using micro-computed tomography (uCT) equipped with analysis software. Chick
femurs were cultured with each treatment medium for 10 days. Representative results from 9 femurs per group are shown. Mineralized

bone depicted as a green color. Scale bar: 1 mm. (C) Image analysis of pCT morphometric indices for the bone formation. Bone volume

(BV), bone mineral density (BMD), bone thickness, bone surface (BS), and bone surface/bone volume (BS/BV) were measured, and bone
mineral content (BMC) was calculated by BV x BMD. Outliers were removed by Smirnov-Grubbs test from raw data (precisely described in
materials and methods) (n=6 for Basal, MM and MM + VC, and n=>5 for MM +25nM CDDO-Im). The culture media data are described in
Table 1. All values are expressed as mean +SD. One-way ANOVA followed by Tukey's multiple comparison test was conducted for statistical
significance. *p <.05, **p <.005, ***p <.0005 versus Basal treatment group. NS indicates not statistically significant.

and SERCA2 encoded by ATP2A2 is expressed in most  groups, indicating NRF2 had no effect on PMCA1. In
tissues. Consistent with previous reports, PMCA1 gene contrast, ATP2A2 was unaltered on day 7 and reduced
expression level was elevated following MM treatment on day 14 in the MM-treated groups compared with
on day 7 and attenuated to the same level as Basal group Basal (Figure 5F). Notably, ATP2A2 was further reduced
on day 14 (Figure 5E). There was no significant differ- in the MM with CDDO-Im group compared with MM
ence between MM and MM with CDDO-Im treatment  treatment group. Thus, NRF2 action on SERCA2 likely
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affects calcium homeostasis and promotes mineraliza-
tion by altering SERCA2 pathway.

Taken together, the current data demonstrate NRF2
activation enhances dystrophic calcification. Given the in-
creased SPP1 gene expression and decreased ATP2A2 gene
expression by NRF2 activation, our results suggest that
NRF2 directly or indirectly promotes the efflux of calcium
to the extracellular direction via modulating SERCA2.

3.5 | Exvivo organotypic assay following
NRF2 activation

Finally, we have examined the role of NRF2 in mineraliza-
tion using an ex vivo model with evaluation of NRF2 acti-
vation enhanced mineralization of HBMSCs in vitro. We
investigated the impact of NRF2 for cell viability and chick
bone formation in the organotypic assay using pCT analy-
sis.2* There were no significant difference in live and dead
cells observed in Basal, MM, MM with VC, and MM with
CDDO-Im (Figure 6A). uCT analysis of chick femurs after
10days culture revealed an increase in mineralized tissue
in the MM, MM with VC, and MM with CDDO-Im groups
compared to femurs cultured in basal media (Figure 6B).
The bone created in the ex vivo organotypic culture was
assessed by PCT analysis, for BV, BMD, BMC, bone thick-
ness, BS, and BS/BV changes. No significant differences
were observed following analysis of the reconstructed
images from the scanned femurs, due to variations in
egg size, chick size, and congenital femur size. Smirnov-
Grubbs test to remove the major outlier point (described
in materials and methods) revealed that MM significantly
increased BV compared to Basal. MM with CDDO-Im
treatment increased BV significantly compared to Basal;
however, there were no significant differences between
MM and MM with CDDO-Im groups (Figure 6C). BMD,
bone thickness, and BS/BV were not significantly differ-
ent between the groups (Figure 6C). BMC was increased
in the MM with CDDO-Im treatment group compared to
Basal group. There was no significant difference between
MM and MM with CDDO-Im treatment group. MM in-
creased BMC; however, there was no significant difference
compared to the Basal cultured femur group (Figure 6B).
BS was significantly increased by MM, MM with VC, and
MM with CDDO-Im treatment compared to Basal group.
There was no significant difference between MM and
MM with CDDO-Im treatment group in BS (Figure 6C).
MM treatment groups, including MM with VC, and MM
with CDDO-Im, enhanced BV and BS without altering
the BMD, bone thickness, and BS/BV in the ex vivo or-
ganotypic culture study. As observed for our in vitro study
results (Figure 5A,B), MM with CDDO-Im showed sig-
nificantly increased both BV and BMC compared to Basal
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group and demonstrated higher BV and BMC compared
to MM although this did not reach statistical significance
(Figure 6C). Thus, NRF2 activation enhanced mineraliza-
tion in chick femurs in an organotypic ex vivo study.
Taken together, the aforementioned results confirm the
impact of NRF2 for osteogenic differentiation and miner-
alization. NRF2 activation inhibits osteogenic differenti-
ation via enhancing HBMSCs stemness as evidenced by
increased STRO-1 expression. Elevated stemness is con-
sidered to be attributed to increased gene expression of
KITLG. Meanwhile, NRF2 activation promotes mineral-
ization through modulation of calcium flux. The down-
regulation of ATP2A2 by NRF2 activation suggests that
NRF2 promotes the calcium efflux in an extracellular di-
rection via modulation of SERCA2, resulting in enhanced
mineralization. Consistent with our observations in vitro,
elevated bone formation by NRF2 activation was con-
firmed using the chick femur organotypic ex vivo model.

4 | DISCUSSION

The current studies have examined the effect of NRF2
on osteogenic differentiation in HBMSCs. Although low-
dose CDDO-Im treatment increased cell death, raising
a potential concern around cell number and cell viabil-
ity and thus osteogenic differentiation, our data sug-
gests this is not an issue. Specifically, the maintenance
of DNA levels reflects maintained cell numbers, while
higher levels of Alamar blue assay reflect maintained
cell metabolism and viability with low-dose CDDO-Im
treatment. Furthermore, our extended passage studies
demonstrated no substantial alteration of osteogenic dif-
ferentiation potential by NRF2 (Figure S3). These results
suggest that the suppression of osteoblast differentiation
indicated using low-dose CDDO-Im may be not due to
reduced cell numbers, cell viability, or differentiation
potential. In summary, we conclude NRF2 activation
suppressed osteogenic differentiation at pharmacologi-
cal concentrations. In contrast to the inhibited osteo-
genic differentiation induced by NRF2, NRF2 activation
enhanced mineralization, a process associated with
osteogenesis. The enhancement of mineralization was
a consequence of modulation of calcium flux-related
genes by NRF2 activation. To the best of our knowl-
edge, this is the first report of the distinct pathways of
osteogenic activity in HBMSCs. Previous studies detail-
ing the negative effect of NRF2 on osteogenic differen-
tiation demonstrated that NRF2 modulated osteogenic
genes, such as RUNX2, osteoprotegerin, and osteoc-
alcin.’®* Our results support these earlier findings by
showing that pharmacological NRF2 activation inhib-
ited the expression of ALP, a RUNX2 target gene, and
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osteoblast function. The difference in our observation of
decreased RUNX2 expression by NRF2 activation at day
14, compared to published data by Hinoi et al. who dem-
onstrated NRF2 overexpression does not affect RUNX2
expression in MC3T3-E1 cells,® may be due to the dif-
ferences in cell type (MC3T3-E1 cells vs HBMSCs), and/
or in derived species (mouse vs human), as well as by un-
known effects of NRF2 on RUNX2 transcription. Indeed,
a study on cell cycle and RUNX2 activity indicated that
cyclin D1-CDK4 complex induced RUNX2 degradation
in an ubiquitin-proteasome pathway.>® Cell cycle is pre-
cisely regulated by the cyclin D-CDK complex and in
turn negatively controlled by CDK inhibitors (CDKN1A,
CDKNI1B, and CDKNlC).51 The current results indi-
cate that NRF2 activation decreased the expression of
CDKN1A and CDKNI1B and increased expression of
KITLG, which degrades CDKN1C.”! Taken together, the
current data indicates NRF2 activation has an indirect
negative impact on RUNX2 gene expression and activity.

The current studies investigated the potential of NRF2
to modulate the stemness of HBMSCs. NRF2 upregu-
lated STRO-1 protein expression and mRNA expression
of KITLG. STRO-1 expression in HBMSCs forms part of a
panel of markers used to enrich an osteogenic precursor cell
population®***? with STRO-1 expression progressively
lost in subsequent cell culture passaging as well as follow-
ing osteogenic differentiation in vitro.*">>"> Interestingly,
we observe a contrary report demonstrating an increase
in STRO-1 expression during osteogenic differentiation
in three mesenchymal stem cell types of dental origin.*
The expression of STRO-1 has been studied in relation to
ALP expression using dual-labeled flow cytometric-based
cell sorting and the correlation of an inverse association
between STRO-1 and ALP expression.>**’ Stewart and col-
leagues have previously shown STRO-1 positive and ALP
negative cells display primitive cell characteristics of the
osteoblast lineage reflective of a skeletal stem or skeletal
progenitor cell.”” Although the details of the association of
STRO-1 with stemness and osteoblast differentiation are
still unclear, these previous findings suggest that STRO-1-
positive cells include a primitive progenitor cell progeny
with the capacity differentiate into osteoblasts. Our cur-
rent results demonstrate NRF2 activation induced STRO-1
enhancement especially in combination with osteogenic
induction and NRF2 activator, and suppressed ALP ex-
pression induced by osteogenic induction. These findings
indicate the possibility that NRF2 enhanced the skeletal
stem cell lineage. In support of this hypothesis, a recent
study using single-cell RNA-seq revealed that KITLG ex-
pression was downregulated in osteoblasts, while gene
expression of KITLG was increased in BMSCs and osteo-
genic progenitors. Furthermore, these data demonstrate
the remarkable KITLG upregulation noted in osteogenic

progenitors,” consistent with our results of increased gene
expression of KITLG due to NRF2 activation.

In examination of NRF2 as a stemness factor preventing
HBMSC differentiation, we observed NRF2 upregulated
KITLG, also known as stem cell factor (SCF) indicating
the potential of NRF2 to maintain HBMSCs stemness.
Interestingly, NRF2 is directly associated with the KITLG/
SCF promoter region in BMSCs as previously shown by
Lou and colleagues,” and thus, NRF2 prevents osteo-
genic differentiation. Cao and colleagues have previously
demonstrated exogenous KITLG/SCF administration res-
cued stemness-related genes such as NANOG and OCT4
which had reduced following periods of extended cell cul-
ture.® However, in the current studies, using STRO-1 en-
riched HBMSCs, we did not observe the ability of NRF2 to
maintain osteogenic differentiation capacity during long-
term HBMSCs culture. The difference between our results
and those of Cao and colleagues may be as a consequence
of variations in direct administration or enhancement of
transcription of KITLG/SCF. Consequently, our results
confirmed NRF2 markedly inhibits osteogenic differentia-
tion in HBMSCs. We addressed NRF2 suppression of gene
expressions of RUNX2, a master regulator of osteogenic
differentiation and its target gene ALP. Furthermore, we
demonstrate a novel inhibitory pathway for the osteogenic
differentiation by preservation of cell stemness via up-
regulated KITLG expression which is directly controlled
by NRF2. Furthermore, it cannot be excluded increased
KITLG expression indirectly elevates RUNX2 degradation
modulating CDK inhibitors, as well.

The process of osteoblast matrix mineralization has
been extensively studied and while ALP is highly ex-
pressed during early osteogenic differentiation and plays
an important role for facilitating mineralization through
hydrolyzing inorganic pyrophosphate to produce inor-
ganic phosphate,®® the precise mechanisms involved in
mineralization are not fully resolved.®*®* In the current
studies, NRF2 activation inhibited ALP expression and
enhanced mineralization through an atypical osteogenic
pathway involving, it would appear, calcium flux in
HBMSCs. The current studies showed NRF2 activation
altered gene expression of ATP2A2 encoding SERCA2
on the ER membrane. While the precise role of SERCA
in mineralization remains unclear, Duan et al. reported
that the expression of SERCA was increased in a high
intracellular calcium environment caused by dose-
dependent fluoride treatment, acting as a regulator of
intracellular calcium homeostasis.® It is speculated that
SERCA, including the widely distributed SERCA2, may
be regulated by intracellular calcium levels. It is import-
ant to note, when intracellular calcium concentration
is high, gene expression for calcium uptake into the ER
is upregulated. Conversely, when intracellular calcium
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concentration is low, gene expression is subsequently
downregulated. The current studies show that NRF2
activation increased calcium deposition, as indicated
by ARS staining and the expression of mineralization-
associated genes (COL1A1 and SPP1). This suggests
that NRF2 upregulation actively recruits intracellular
calcium to the extracellular space. As a consequence,
the low intracellular calcium concentration may indi-
rectly suppress SERCA expression. However, more work
is needed to fully elucidate the exact mechanisms by
which NRF2 activation leads to robust extracellular cal-
cium recruitment. In future studies, the effects of NRF2
activation on intracellular calcium dynamics could be
investigated independently of osteoblast differentiation,
offering new insights into the orchestration of miner-
alization and intracellular calcium regulation including
any role in dystrophic calcification.

We acknowledge a number of limitations in the
current studies including elucidation of how NRF2
activation enhanced calcium recruitment towards the
extracellular space. The current data provide only an
indirect insight to the increased intracellular to ex-
tracellular calcium flux following NRF2 activation.
Future experiments on calcium dynamics follow-
ing mineralization may inform the mechanism(s) of
enhanced mineralization due to NRF2 activation.
Furthermore, the role of oxidative stress in osteogenic
differentiation and mineralization is unclear with the
current study indicating only a limited role for NRF2
in osteoblastogenesis. Previous studies revealed NRF2
gene expression gradually elevated after osteogenic in-
duction.'®'” However, why NRF2 is activated during
osteoblast differentiation and the role of NRF2 remain
unclear. Generally, reaction oxygen species (ROS) are
harmful by-products of aerobic life and their accu-
mulation is lethal for cell survival, however, recent
studies indicate ROS hold a number of key physiolog-
ical and signaling roles.®* Although oxidative stress
inhibits osteoblastic differentiation via ERK and NF-
kB pathway,®® Robaszkiewicz et al. demonstrated that
ROS are produced under osteogenic differentiation
spontaneously, and their inhibition by the antioxidant
catalase reduces differentiation and mineralization.®®
Furthermore, the authors demonstrated catalase treat-
ment delayed SPP1 upregulation induced by mineral-
ization. As an elevation of SPP1 gene expression was
accelerated by NRF2 activation under mineralization
in our results, NRF2 may potentially upregulate SPP1
gene expression regardless of the ROS production.
ROS is also implicated in mineralization and excessive
ROS contributes to activate osteochondrogenic sig-
naling pathways, thereby accelerating calcification of
vascular smooth muscle cells.’” Mineralization almost
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certainly requires optimal NRF2 activation and main-
tenance of ROS levels during osteoblast maturation and
differentiation. The discrepancies in previous reports
on the role of NRF2 in osteoblast differentiation likely
stem from variations in NRF2 activation levels across
experiments with, for example, variations in genetic
hyperactivation using plasmids and transgenic mice,
or pharmacological activation undertaken. NRF2 acti-
vation prevents ROS production, indicating NRF2 also
influences inflammatory responses. Inflammation and
the immune microenvironment play a crucial role in
tissue regeneration, including that of bone repair.®®
MSCs/SSCs actively interact with immune cells via
secretion of cytokines such as interleukin (IL)-6, IL-
10, IL-17, indoleamine 2,3-dioxygenase (IDO), and
prostaglandin E2.°*% Notably, Jie et al. reported Nrf2
regulates the immunosuppressive ability of umbilical
cord-derived MSCs through modulation of IDO-1 ex-
pression.” These observations indicate NRF2 may di-
minish MSC differentiation by excessive suppression
of inflammation, required for MSC differentiation.
Furthermore, MSCs work with immune cells as well as
tissues and cells surrounding the fracture site, includ-
ing peripheral nerves, to promote regeneration.71 It is
well documented that peripheral nerves, neuropep-
tides, and their receptors including calcitonin gene-
related peptide, substance P, norepinephrine, and
brain-derived neurotrophic factor play a central role
in bone repair following fracture. Given that NRF2
links these factors with various pathways in a variety
of cells,”®”? it is possible that HBMSC differentiation
is regulated by the pleiotropic effects of NRF2 in vivo.
Further studies are required to elucidate the exact role
of NRF2 on HBMSC differentiation.

In summary, the current studies detail the role of
NRF?2 activation in HBMSCs and subsequent suppression
of osteoblast differentiation including ALP expression
and their function while paradoxically enhancing min-
eralization. The atypical mineralization was attributed
to NRF2-mediated modification in HBMSCs calcium ion
flux. Furthermore, NRF2 activation maintained HBMSCs
stemness via KITLG upregulation indicating enrichment
of osteogenic progenitor cells. Given the importance of
the mineralization process in bone development, dys-
trophic calcification, homeostasis, and fracture healing,
elucidation of the precise role and mechanisms of NRF2
activation in osteogenic differentiation holds significant
implications for osteoblast-targeted interventions in bone
physiology and function.

AUTHOR CONTRIBUTIONS
Takahiro Onoki: Conception & Design of the study,
conducted experiments, analysis of the data, Writing

85U80|7 SUOWILWIOD BAITID) 3ot |dde ay3 Aq pausenob a1e sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A eIq 1 Ul UO//:SANY) SUOTIPUOD pue SWis | 8U188S *[7202/60/50] U0 AriqiTauljuo A8 |1m ‘uodwelpnos JO AiseAIuN Aq 1209001202 [1/960T 0T/I0p/LLI00" A3 1M ARe.d 1 pulju0"Gese)//:Saiy Wwoj pepeojumod ‘LT ‘%202 ‘09890€ST



ONOKI ET AL.

MI_ThEA\SEBJourncI

paper-original draft, editing & review. Andrew Rawlings
and Melanie Smith: Methodology & analysis of data,
Writing paper-review & editing. Yang-Hee Kim, Ko
Hashimoto and Toshimi Aizawa: data analysis, supervi-
sion of the research, and review & editing paper. Janos
Kanczler and Richard O. C. Oreffo: Conception & Design
of the study, Supervision of the research, Funding acquisi-
tion, Writing paper-review & editing.

ACKNOWLEDGMENTS

Research support for this study from the UK Regenerative
Medicine Platform Acellular/Smart Materials - 3D
Architecture (MR/R015651/1) is gratefully acknowl-
edged. The funders had no role in the study design, data
collection and analysis, decision to publish or manuscript
preparation.

DISCLOSURES
The authors declare no competing financial or nonfinan-
cial interests.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as all study data
are included in the article.

ORCID

Takahiro Onoki (© https://orcid.org/0000-0001-9934-9656
Janos Kanczler ( https://orcid.org/0000-0001-7249-0414
Andrew Rawlings © https://orcid.

org/0000-0001-7612-5078

Melanie Smith ‘© https://orcid.org/0009-0004-2631-9711
Yang-Hee Kim © https://orcid.org/0000-0002-5312-3448
Ko Hashimoto (@ https://orcid.org/0000-0002-9644-054X
Toshimi Aizawa © https://orcid.
org/0000-0003-1571-5618

Richard O. C. Oreffo © https://orcid.
org/0000-0001-5995-6726

REFERENCES

1. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage po-
tential of adult human mesenchymal stem cells. Science.
1999;284(5411):143-147.

2. Bianco P, Cao X, Frenette PS, et al. The meaning, the sense and
the significance: translating the science of mesenchymal stem
cells into medicine. Nat Med. 2013;19(1):35-42.

3. Dawson JI, Kanczler J, Tare R, Kassem M, Oreffo RO. Concise
review: bridging the gap: bone regeneration using skeletal
stem cell-based strategies — where are we now? Stem Cells.
2014;32(1):35-44.

4. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The de-
velopment of fibroblast colonies in monolayer cultures of
Guinea-pig bone marrow and spleen cells. Cell Tissue Kinet.
1970;3(4):393-403.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement.
Cytotherapy. 2006;8(4):315-317.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/
Cbfal: a transcriptional activator of osteoblast differentiation.
Cell. 1997;89(5):747-754.

Komori T, Yagi H, Nomura S, et al. Targeted disruption of Cbfal
results in a complete lack of bone formation owing to matura-
tional arrest of osteoblasts. Cell. 1997;89(5):755-764.

Wang X, Liao X, Zhang Y, Wei L, Pang Y. Schisandrin B reg-
ulates MC3T3-E1 subclone 14 cells proliferation and differen-
tiation through BMP2-SMADs-RUNX2-SP7 signaling axis. Sci
Rep. 2020;10(1):14476.

Compton JT, Lee FY. A review of osteocyte function and the
emerging importance of sclerostin. J Bone Joint Surg Am.
2014;96(19):1659-1668.

Rushmore TH, Morton MR, Pickett CB. The antioxidant re-
sponsive element. Activation by oxidative stress and identifi-
cation of the DNA consensus sequence required for functional
activity. J Biol Chem. 1991;266(18):11632-11639.

Motohashi H, Yamamoto M. Nrf2-Keapl defines a physiolog-
ically important stress response mechanism. Trends Mol Med.
2004;10(11):549-557.

Kobayashi A, Kang MI, Okawa H, et al. Oxidative stress sen-
sor Keapl functions as an adaptor for Cul3-based E3 ligase
to regulate proteasomal degradation of Nrf2. Mol Cell Biol.
2004;24(16):7130-7139.

Kobayashi A, Kang MI, Watai Y, et al. Oxidative and
electrophilic stresses activate Nrf2 through inhibi-
tion of ubiquitination activity of Keapl. Mol Cell Biol.
2006;26(1):221-229.

Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2
system: a thiol-based sensor-effector apparatus for maintaining
redox homeostasis. Physiol Rev. 2018;98(3):1169-1203.

HanJ, Yang K, An J, Jiang N, Fu S, Tang X. The role of NRF2 in
bone metabolism - friend or foe? Front Endocrinol (Lausanne).
2022;13:813057.

Hinoi E, Fujimori S, Wang L, Hojo H, Uno K, Yoneda Y. Nrf2
negatively regulates osteoblast differentiation via interfering
with Runx2-dependent transcriptional activation. J Biol Chem.
2006;281(26):18015-18024.

Beck GRJr, Zerler B, Moran E. Gene array analysis of osteoblast
differentiation. Cell Growth Differ. 2001;12(2):61-83.

Kim JH, Singhal V, Biswal S, Thimmulappa RK, DiGirolamo
DJ. Nrf2 is required for normal postnatal bone acquisition in
mice. Bone Res. 2014;2:14033.

Yoon DS, Choi Y, Lee JW. Cellular localization of NRF2 deter-
mines the self-renewal and osteogenic differentiation poten-
tial of human MSCs via the P53-SIRT1 axis. Cell Death Dis.
2016;7(2):€2093.

Williams EL, White K, Oreffo RO. Isolation and enrichment
of Stro-1 immunoselected mesenchymal stem cells from adult
human bone marrow. Methods Mol Biol. 2013;1035:67-73.
Kanczler J, Tare RS, Stumpf P, Noble TJ, Black C, Oreffo ROC.
Isolation, differentiation, and characterization of human bone
marrow stem cells in vitro and in vivo. Methods Mol Biol.
2019;1914:53-70.

85U80|7 SUOWILWIOD BAITID) 3ot |dde ay3 Aq pausenob a1e sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A eIq 1 Ul UO//:SANY) SUOTIPUOD pue SWis | 8U188S *[7202/60/50] U0 AriqiTauljuo A8 |1m ‘uodwelpnos JO AiseAIuN Aq 1209001202 [1/960T 0T/I0p/LLI00" A3 1M ARe.d 1 pulju0"Gese)//:Saiy Wwoj pepeojumod ‘LT ‘%202 ‘09890€ST


https://orcid.org/0000-0001-9934-9656
https://orcid.org/0000-0001-9934-9656
https://orcid.org/0000-0001-7249-0414
https://orcid.org/0000-0001-7249-0414
https://orcid.org/0000-0001-7612-5078
https://orcid.org/0000-0001-7612-5078
https://orcid.org/0000-0001-7612-5078
https://orcid.org/0009-0004-2631-9711
https://orcid.org/0009-0004-2631-9711
https://orcid.org/0000-0002-5312-3448
https://orcid.org/0000-0002-5312-3448
https://orcid.org/0000-0002-9644-054X
https://orcid.org/0000-0002-9644-054X
https://orcid.org/0000-0003-1571-5618
https://orcid.org/0000-0003-1571-5618
https://orcid.org/0000-0003-1571-5618
https://orcid.org/0000-0001-5995-6726
https://orcid.org/0000-0001-5995-6726
https://orcid.org/0000-0001-5995-6726

ONOKI ET AL.

19 of 20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Carpenter AE, Jones TR, Lamprecht MR, et al. CellProfiler:
image analysis software for identifying and quantifying cell
phenotypes. Genome Biol. 2006;7(10):R100.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods. 2001;25(4):402-408.

Kanczler M, Smith EL, Roberts CA, Oreffo RO. A novel approach
for studying the temporal modulation of embryonic skeletal de-
velopment using organotypic bone cultures and microcomputed
tomography. Tissue Eng Part C Methods. 2012;18(10):747-760.
Marshall KM, Kanczler JM, Oreffo RO. Evolving applications
of the egg: chorioallantoic membrane assay and ex vivo organo-
typic culture of materials for bone tissue engineering. J Tissue
Eng. 2020;11:2041731420942734.

Mitsuishi Y, Taguchi K, Kawatani Y, et al. Nrf2 redirects glucose
and glutamine into anabolic pathways in metabolic reprogram-
ming. Cancer Cell. 2012;22(1):66-79.

Holmstrom KM, Baird L, Zhang Y, et al. Nrf2 impacts cellular
bioenergetics by controlling substrate availability for mitochon-
drial respiration. Biol Open. 2013;2(8):761-770.

Yuan Z, Zhang J, Huang Y, et al. NRF2 overexpression in mes-
enchymal stem cells induces stem-cell marker expression and
enhances osteoblastic differentiation. Biochem Biophys Res
Commun. 2017;491(1):228-235.

Simmons PJ, Torok-Storb B. Identification of stromal cell pre-
cursors in human bone marrow by a novel monoclonal anti-
body, STRO-1. Blood. 1991;78(1):55-62.

Shi S, Gronthos S, Chen S, et al. Bone formation by human
postnatal bone marrow stromal stem cells is enhanced by telo-
merase expression. Nat Biotechnol. 2002;20(6):587-591.
Gronthos S, Zannettino AC, Hay SJ, et al. Molecular and cel-
lular characterisation of highly purified stromal stem cells
derived from human bone marrow. J Cell Sci. 2003;116(Pt
9):1827-1835.

Liu L, Michowski W, Kolodziejczyk A, Sicinski P. The cell cycle
in stem cell proliferation, pluripotency and differentiation. Nat
Cell Biol. 2019;21(9):1060-1067.

Rumman M, Majumder A, Harkness L, et al. Induction of qui-
escence (G0) in bone marrow stromal stem cells enhances their
stem cell characteristics. Stem Cell Res. 2018;30:69-80.
Nishimura I, Hisanaga R, Sato T, et al. Effect of osteogenic
differentiation medium on proliferation and differentiation of
human mesenchymal stem cells in three-dimensional culture
with radial flow bioreactor. Regen Ther. 2015;2:24-31.

Park HW, Shin JS, Kim CW. Proteome of mesenchymal stem
cells. Proteomics. 2007;7(16):2881-2894.

Yoon DS, Choi Y, Jang Y, et al. SIRT1 directly regulates SOX2 to
maintain self-renewal and multipotency in bone marrow-derived
mesenchymal stem cells. Stem Cells. 2014;32(12):3219-3231.

Li Y, Guo G, Li L, et al. Three-dimensional spheroid cul-
ture of human umbilical cord mesenchymal stem cells pro-
motes cell yield and stemness maintenance. Cell Tissue Res.
2015;360(2):297-307.

Cao Z, Xie Y, Yu L, Li Y, Wang Y. Hepatocyte growth factor
(HGF) and stem cell factor (SCF) maintained the stemness
of human bone marrow mesenchymal stem cells (hBMSCs)
during long-term expansion by preserving mitochondrial func-
tion via the PI3K/AKT, ERK1/2, and STAT3 signaling path-
ways. Stem Cell Res Ther. 2020;11(1):329.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

#\SEBJournGI

LiK, JiangY, Yang Z, Heng BC, Tian H, Ge Z. Can upregulation
of pluripotency genes enhance stemness of mesenchymal stem
cells? Stem Cell Rev Rep. 2021;17(4):1505-1507.

Bretones G, Delgado MD, Leén J. Myc and cell cycle control.
Biochim Biophys Acta. 2015;1849(5):506-516.

Mullen CA, Haugh MG, Schaffler MB, Majeska RJ, McNamara
LM. Osteocyte differentiation is regulated by extracellular ma-
trix stiffness and intercellular separation. J Mech Behav Biomed
Mater. 2013;28:183-194.

Kim J, Adachi T. Cell-fate decision of mesenchymal stem cells
toward osteocyte differentiation is committed by spheroid cul-
ture. Sci Rep. 2021;11(1):13204.

Rutkovskiy A, Stenslekken KO, Vaage IJ. Osteoblast differentia-
tion at a glance. Med Sci Monit Basic Res. 2016;22:95-106.
Peacock JD, Huk DJ, Ediriweera HN, Lincoln J. Sox9 tran-
scriptionally represses Sppl to prevent matrix mineraliza-
tion in maturing heart valves and chondrocytes. PLoS One.
2011;6(10):€26769.

Lee MN, Hwang HS, Oh SH, et al. Elevated extracellular cal-
cium ions promote proliferation and migration of mesenchy-
mal stem cells via increasing osteopontin expression. Exp Mol
Med. 2018;50(11):1-16.

Couchourel D, Aubry I, Delalandre A, et al. Altered mineralization
of human osteoarthritic osteoblasts is attributable to abnormal
type I collagen production. Arthritis Rheum. 2009;60(5):1438-1450.
Francis MJ, Lees RL, Trujillo E, Martin-Vasallo P, Heersche JN,
Mobasheri A. ATPase pumps in osteoclasts and osteoblasts. Int
J Biochem Cell Biol. 2002;34(5):459-476.

Stains JP, Weber JA, Gay CV. Expression of Na(+)/Ca(2+)
exchanger isoforms (NCX1 and NCX3) and plasma mem-
brane Ca(2+) ATPase during osteoblast differentiation. J Cell
Biochem. 2002;84(3):625-635.

Park CK, Lee Y, Kim KH, Lee ZH, Joo M, Kim HH. Nrf2 is a
novel regulator of bone acquisition. Bone. 2014;63:36-46.

Shen R, Wang X, Drissi H, Liu F, O'Keefe RJ, Chen D. Cyclin
D1-cdk4 induce runx2 ubiquitination and degradation. J Biol
Chem. 2006;281(24):16347-16353.

Zou P, Yoshihara H, Hosokawa K, et al. p57(Kip2) and
p27(Kipl) cooperate to maintain hematopoietic stem cell
quiescence through interactions with Hsc70. Cell Stem Cell.
2011;9(3):247-261.

Shi S, Gronthos S. Perivascular niche of postnatal mesenchy-
mal stem cells in human bone marrow and dental pulp. J Bone
Miner Res. 2003;18(4):696-704.

Gronthos S, Graves SE, Ohta S, Simmons PJ. The STRO-1+
fraction of adult human bone marrow contains the osteogenic
precursors. Blood. 1994;84(12):4164-4173.

Gronthos S, Zannettino AC, Graves SE, Ohta S, Hay SJ,
Simmons PJ. Differential cell surface expression of the STRO-1
and alkaline phosphatase antigens on discrete developmental
stages in primary cultures of human bone cells. J Bone Miner
Res. 1999;14(1):47-56.

Ahdjoudj S, Lasmoles F, Oyajobi BO, Lomri A, Delannoy P,
Marie PJ. Reciprocal control of osteoblast/chondroblast and
osteoblast/adipocyte differentiation of multipotential clonal
human marrow stromal F/STRO-1(+) cells. J Cell Biochem.
2001;81(1):23-38.

Perczel-Kovach K, Heged(is O, Foldes A, et al. STRO-1 positive
cell expansion during osteogenic differentiation: a comparative

85U80|7 SUOWILWIOD BAITID) 3ot |dde ay3 Aq pausenob a1e sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A eIq 1 Ul UO//:SANY) SUOTIPUOD pue SWis | 8U188S *[7202/60/50] U0 AriqiTauljuo A8 |1m ‘uodwelpnos JO AiseAIuN Aq 1209001202 [1/960T 0T/I0p/LLI00" A3 1M ARe.d 1 pulju0"Gese)//:Saiy Wwoj pepeojumod ‘LT ‘%202 ‘09890€ST



MI_ThEA\SEBJournGI

57.

58.

59.
60.
61.
62.

63.

64.
65.
66.

67.

68.

ONOKI ET AL.

study of three mesenchymal stem cell types of dental origin.
Arch Oral Biol. 2021;122:104995.

Stewart K, Walsh S, Screen J, et al. Further characterization of
cells expressing STRO-1 in cultures of adult human bone mar-
row stromal cells. J Bone Miner Res. 1999;14(8):1345-1356.

Tani S, Okada H, Onodera S, et al. Stem cell-based modeling
and single-cell multiomics reveal gene-regulatory mecha-
nisms underlying human skeletal development. Cell Rep.
2023;42(4):112276.

Lou Q, Jiang K, Xu Q, et al. The RIG-I-NRF2 axis regulates the
mesenchymal stromal niche for bone marrow transplantation.
Blood. 2022;139(21):3204-3221.

Vimalraj S. Alkaline phosphatase: structure, expression and its
function in bone mineralization. Gene. 2020;754:144855.
Aubin JE, Triffitt JT. Chapter 4 - Mesenchymal stem cells and
osteoblast differentiation. In: Bilezikian JP, Raisz LG, Rodan
GA, eds. Principles of Bone Biology. Second ed. Academic Press;
2002:59-81.

Komori T. Regulation of bone development and extra-
cellular matrix protein genes by RUNX2. Cell Tissue Res.
2010;339(1):189-195.

Duan XQ, Li YH, Zhang XY, et al. Mechanisms of intracellu-
lar calcium homeostasis in MC3T3-E1 cells and bone tissues of
Sprague-Dawley rats exposed to fluoride. Biol Trace Elem Res.
2016;170(2):331-339.

Janssen-Heininger YM, Mossman BT, Heintz NH, et al. Redox-
based regulation of signal transduction: principles, pitfalls, and
promises. Free Radic Biol Med. 2008;45(1):1-17.

Bai XC, Lu D, Bai J, et al. Oxidative stress inhibits osteoblastic
differentiation of bone cells by ERK and NF-kappaB. Biochem
Biophys Res Commun. 2004;314(1):197-207.

Robaszkiewicz A, Erdélyi K, Kovacs K, et al. Hydrogen
peroxide-induced poly(ADP-ribosyl)ation regulates osteogenic
differentiation-associated cell death. Free Radic Biol Med.
2012;53(8):1552-1564.

Toth A, Balogh E, Jeney V. Regulation of vascular calcification
by reactive oxygen species. Antioxidants (Basel). 2020;9(10):963.
Xiong Y, Mi BB, Lin Z, et al. The role of the immune microen-
vironment in bone, cartilage, and soft tissue regeneration: from
mechanism to therapeutic opportunity. Mil Med Res. 2022;9(1):65.

69.

70.

71.

72.

73.

Liu H, Li R, Liu T, Yang L, Yin G, Xie Q. Immunomodulatory
effects of mesenchymal stem cells and mesenchymal stem cell-
derived extracellular vesicles in rheumatoid arthritis. Front
Immunol. 2020;11:1912.

Jie Z, Huan Y, Mengyun W, Yasha L, Huafeng P, Ke Y. Nrf2
modulates immunosuppressive ability and cellular senescence
of human umbilical cord mesenchymal stem cells. Biochem
Biophys Res Commun. 2020;526(4):1021-1027.

Tao R, Mi B, Hu Y, et al. Hallmarks of peripheral nerve function
in bone regeneration. Bone Res. 2023;11(1):6.

Jadkauskaite L, Bahri R, Farjo N, et al. Nuclear factor
(erythroid-derived 2)-like-2 pathway modulates substance P-
induced human mast cell activation and degranulation in the
hair follicle. J Allergy Clin Immunol. 2018;142(4):1331-1333.
Ren H, Han R, Liu X, Wang L, Koehler RC, Wang J. Nrf2-BDNF-
TrkB pathway contributes to cortical hemorrhage-induced de-
pression, but not sex differences. J Cereb Blood Flow Metab.
2021;41(12):3288-3301.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Onoki T, Kanczler J,
Rawlings A, et al. Modulation of osteoblastogenesis
by NRF2: NRF2 activation suppresses osteogenic
differentiation and enhances mineralization in
human bone marrow-derived mesenchymal stromal
cells. The FASEB Journal. 2024;38:€23892.
doi:10.1096/1].202400602R

85U80|7 SUOWILWIOD BAITID) 3ot |dde ay3 Aq pausenob a1e sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A eIq 1 Ul UO//:SANY) SUOTIPUOD pue SWis | 8U188S *[7202/60/50] U0 AriqiTauljuo A8 |1m ‘uodwelpnos JO AiseAIuN Aq 1209001202 [1/960T 0T/I0p/LLI00" A3 1M ARe.d 1 pulju0"Gese)//:Saiy Wwoj pepeojumod ‘LT ‘%202 ‘09890€ST


https://doi.org/10.1096/fj.202400602R

	Modulation of osteoblastogenesis by NRF2: NRF2 activation suppresses osteogenic differentiation and enhances mineralization in human bone marrow-­derived mesenchymal stromal cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Isolation, culture, differentiation, and treatment of HBMSCs and STRO-­1 positive cells
	2.2|Alamar blue assay
	2.3|Live/dead cell assay
	2.4|Double-­stranded DNA (dsDNA) quantification
	2.5|Measurements of alkaline phosphatase specific activity
	2.6|Alkaline phosphatase staining
	2.7|Measurements of calcium deposits
	2.8|Immunocytochemistry
	2.9|RNA extraction, cDNA synthesis, and real-­time quantitative PCR (RT-­qPCR)
	2.10|Organotypic chick femur culture
	2.11|Live/dead cell staining for cultured chick femur
	2.12|μCT and analysis
	2.13|Statistical analysis

	3|RESULTS
	3.1|Dose-­response of NRF2 activator
	3.2|Impact of NRF2 activation on osteogenic differentiation
	3.3|Modulation of stemness following NRF2 activation
	3.4|Enhancement of mineralization following NRF2 activation
	3.5|Ex vivo organotypic assay following NRF2 activation

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DISCLOSURES
	DATA AVAILABILITY STATEMENT

	REFERENCES


