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ABSTRACT: Kelch-like ECH-associated protein 1 (Keap1) binds to nuclear factor E2 p45-related factor 2 (Nrf2), a
transcription factor for antioxidant enzymes, to suppress Nrf2 activation. The role of oxidative stress in many
diseases supports the possibility that processes that are associated with Nrf2 activation might offer therapeutic
potential. Nrf2 deficiency induces osteoclastogenesis, which is responsible for bone loss, by activating receptor
activator of NF-kB ligand (RANKL)–mediated signaling; however, the effects of Keap1 deficiency remain unclear.
By using Keap1-deficient newborn mice, we observed that talus and calcaneus bone formation was partially
retarded and that osteoclast number was reduced in vivo without severe gross abnormalities. In addition, Keap1-
deficient macrophages were unable to differentiate into osteoclasts in vitro via attenuation of RANKL-mediated
signaling and expression of nuclear factor of activatedT cells cytoplasmic 1 (NFATc1), a key transcription factor that
is involved in osteoclastogenesis. Furthermore, Keap1 deficiency up-regulated the expression of Mafb, a negative
regulator of NFATc1. RANKL-induced mitochondrial gene expression is required for down-regulation of IFN
regulatory factor8 (IRF-8), anegative transcriptional regulatorofNFATc1.Our results indicate thatKeap1deficiency
down-regulatedperoxisomeproliferator-activatedreceptor-g coactivator 1b andmitochondrial geneexpressionand
up-regulated Irf8 expression. These results suggest that the Keap1/Nrf2 axis plays a critical role in NFATc1 ex-
pression and osteoclastogenic progression.—Sakai, E.,Morita,M., Ohuchi,M., Kido,M.A., Fukuma, Y.,Nishishita,
K.,Okamoto,K., Itoh,K.,Yamamoto,M.,Tsukuba,T.EffectsofdeficiencyofKelch-likeECH-associatedprotein1on
skeletal organization: a mechanism for diminished nuclear factor of activated T cell cytoplasmic 1 during osteo-
clastogenesis. FASEB J. 31, 000–000 (2017). www.fasebj.org
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Bone homeostasis is controlled by the interplay between
bone-formingosteoblasts andbone-resorbingosteoclasts (1).
Mesenchymal stem cell–derived osteoblasts produce bone
matrix, including osteocalcin, osteopontin, and bone sialo-
protein, and runt-related transcription factor 2 (Runx2) and
Osterix, essential transcription factors for osteoblastogenesis
(2). Osteoclasts are multinucleated cells that derive from
monocyte/macrophage lineages and their differentiation
is predominantly regulated by the 2 osteoblast-produced
cytokines, M-CSF and receptor activator of nuclear factor
kB ligand (RANKL) (3). RANKL activates the PI3K/Akt,
ERK, p38 MAPK, JNK, c-Fos, and NF-kB pathways that
are essential to osteoclast differentiation. Furthermore,
RANKL activates nuclear factor of activated T cells cyto-
plasmic 1 (NFATc1), which is a key transcription factor that
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is associated with osteoclastogenesis (4) and that induces
expression of osteoclast markers, such as tartrate-resistant
acid phosphatase (TRAP), cathepsin K, dendritic cell–
specific transmembrane protein (5), and reactive oxygen
species (ROS), which promote osteoclastogenesis via stabi-
lization of RANKL-stimulatedMAPK activity (6).

The Kelch-like ECH-associated protein 1 (Keap1)/
nuclear factor E2 p45-related factor 2 (Nrf2) system plays
a central role in cellular defense against oxidative and
electrophilic stress (7, 8). Keap1 is a cytoplasmic protein
that functions as an adaptor molecule for the cullin-3–
based ubiquitin E3 ligase. Under physiologic conditions,
Keap1 inhibits Nrf2 activity by promoting its ubiquitina-
tion andproteasomal degradation.Modification ofKeap1
cysteine residues via exposure to oxidative or electrophilic
stress inhibits Nrf2 proteasomal degradation and induces
Nrf2nuclear translocation.Nrf2 recognizes antioxidant or
electrophile response elements on target genes, such as
heme oxygenase-1 (Hmox1), NAD(P)H quinone oxidore-
ductase 1 (Nqo1), and glutathione S-transferase (Gst).
Under Keap1-deficient conditions, constitutive Nrf2 acti-
vation and target gene induction occur, and although
Nrf22/2 mice are viable (7), Keap12/2 mice die within
3 wk of birth as a result of severe hyperkeratosis in the
esophagus and forestomach (9).

Nrf2 deletion significantly induces osteoblast (10) and
osteoclast (11) differentiation in vitro, and, in a rheumatoid
arthritis model, Nrf22/2 mice exhibited severe cartilagi-
nous injury (12); however, because Keap12/2 mice fail to
live to adulthood, the effects of Keap1 deficiency or con-
stitutive Nrf2 activation on bone homeostasis remain un-
clear. In this study,we investigated the specific roles of the
Keap1/Nrf2 axis on bone and compared bonephenotypes
that are associated with Keap12/2 newborn mice with
those of wild-type (WT) andNrf22/2mice. Moreover, we
evaluated the effect of Keap1 deficiency on cell differ-
entiation by using calvarial osteoblasts and splenic
macrophage–derived osteoclasts from newborn mice.

MATERIALS AND METHODS

Reagents

M-CSF was purchased from Kyowa Hakko-Bio (Tokyo, Japan),
and recombinant RANKLwas prepared as previously described
(13). All other reagents, including PMSF and the proteinase-
inhibitor cocktail, were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Animals

Five-week-old male C57BL/6J mice were obtained from CLEA
Japan (Tokyo, Japan). BreedingpairsofNrf22/2miceandKeap1+/2

were obtained fromRikenBioresourceCenter (Tsukuba, Japan)
(7, 9). All animal experimental protocols were approved by the
Animal Care and Use Committee of Nagasaki University
Graduate School of Biomedical Sciences (Permit 1110170952).

Cell culture

Because of the earlymortality ofKeap12/2mice (9), we prepared
osteoclast precursors from whole spleens of newborn mice. In

brief, we compressed spleens between 2 glass slides to obtain
splenocytes, which were resuspended in a-minimal essen-
tial medium (Wako Pure Chemicals, Osaka, Japan) that con-
tained 10% fetal bovine serum that was supplemented with
100U/ml penicillin and 100mg/ml streptomycin, followedby
overnight culture in the presence ofM-CSF (50 ng/ml) at 37°C
under 5%CO2. The next day, nonadherent cellswere collected
and cultured in complete medium that was supplemented
with M-CSF (50 ng/ml). After a 3-d culture, adherent splenic
macrophages were collected as osteoclast precursors, repla-
ted, and cultured with fresh medium that contained M-CSF
(30 ng/ml) and RANKL (50 ng/ml) for 3 d until they differ-
entiated into mature osteoclasts. On d 3, cells were fixed with
4% paraformaldehyde and stained for TRAP activity as pre-
viouslydescribed (14). TRAP-positive cellswith$3nucleiwere
considered mature osteoclasts. For bone-resorption pit forma-
tion, adherent splenic macrophages were seeded onto Osteo
Assay plates that were coated with calcium phosphate (Corning,
Corning, NY, USA) and incubated with M-CSF (30 ng/ml) and
RANKL (50 ng/ml) for 7 d until mature osteoclasts resorbed the
calcium phosphate film. Cells were dissolved in 5% sodium hy-
pochlorite, and images of the resorption pits were obtained by
using a reverse-phase microscope (Olympus, Tokyo, Japan).
Primary osteoblasts were isolated from newborn mouse cal-
varia by digestion with 0.1% collagenase and 0.2% (w/v)
dispase as previously described (15). For cocultures,
primary osteoblasts (1 3 104 cells/well) and splenic macro-
phages (13 105 cells/well) were cocultured for 6 d with 1a,25-
dihydroxyvitamin D3 [1a,25(OH)2D3; 1028 M; kindly
provided by Teijin, Tokyo, Japan] and prostaglandin E2 (PGE2;
1026 M; Sigma-Aldrich). RAW-D cells, a murine monocytic cell
line,werekindlyprovidedbyToshioKukita (KyushuUniversity,
Fukuoka, Japan).

Western blot analysis

Cell lysates were prepared as previously described (16).
Equal amounts of protein were electrophoresed and trans-
ferred onto PVDF membranes. Blots were blocked and in-
cubated with specific Abs overnight at 4°C, washed,
incubated with horseradish peroxidase–conjugated sec-
ondary Abs (Cell Signaling Technology, Danvers, MA,
USA), and probed with ECL prime (GE Healthcare Life Sci-
ences, Tokyo, Japan). Immunoreactive bands were detected
by using an image analyzer (LAS4000mini; FujiFilm, Tokyo,
Japan). Abs for b-actin, lamin A/C, macrophage colony-
stimulating factor receptor (cFms), NF-kB p65, NFATc1,
phospho-ERK1/2, phospho-Akt, phospho-JNK, phospho–p38-
MAPK, phospho–c-Fos, andphospho–inhibitor of nuclear factor
kB a have been previously described (17). Anti-Keap1 and anti-
Nrf2Abswere obtained fromSantaCruz Biotechnology (Dallas,
TX, USA), and cathepsin K Ab was prepared as previously de-
scribed (18).

Intracellular ROS assay

Intracellular ROS levelswere assayed byusing cell-permeable
fluorescent probes and fluorescence-activated cell sorting
analyses as previously described (17). Cells were incubated
with 5 mM CM-H2DCFDA (Thermo Fisher Scientific, Wal-
tham, MA, USA), followed by stimulation with 50 ng/ml
RANKL for 10 min. All samples were analyzed on a FACS-
Canto II flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA) with 488-nm laser excitation. Fluorescence emission
was observed through a 530/30-nm filter, and 10,000 events
were analyzed for peak shifts by using FACSDiva software
(Becton Dickinson).
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Preparation of nuclear extracts

Splenic macrophages from WT and Keap12/2 mice were
cultured with 50 ng/ml RANKL for indicated times in the
presence of 30 ng/mlM-CSF. Cells were washed and harvested
in ice-cold PBS that was supplemented with phosphatase inhibi-
tors. Nuclear extracts were prepared by using a commercial kit
(Active Motif, Carlsbad, CA, USA) according to the manufac-
turer’s instructions.

Quantitative RT-PCR

Total RNA was extracted with Trizol reagent (Thermo Fisher
Scientific), and quantitative RT-PCR was performed as pre-
viously described (15). Expression levels were normalized to
b-actin expression. Primers used in this study were previously
described (15, 19, 20) or as follows: Bglap 59-CGCTCTGTC-
TCTCTGACCTC-39 (forward) and 39-GACTGAGGCTCCAAG-
GTAGC-59 (reverse); Ctsk: 59-CAGCTTCCCCAAGATGTGAT-39
(forward) and 39-AGCACCAACGAGAGGAGAAA-59 (reverse);
Dc-stamp: 59-CTAGCTGGCTGGACTTCATCC-39 (forward) and
39-TCATGCTGTCTAGGAGACCTC-59 (reverse); Keap1: 59-AA-
GGAACATGATATGCCCTGACA-39 (forward) and 39-ACAC-
AGGCCGGCTCCAT-59 (reverse); cMaf: 59-AGCAGTTGGTGA-
CCATGTCG-39 (forward) and 39-TGGAGATCTCCTGCTTGAGG-
59 (reverse);Mafb: 59-GGTATAAACGCGTCCAGCAG-39 (forward)
and 39-CGAGTTTCTCGCACTTGACC-59 (reverse); Nfatc1: 59-
TCATCCTGTCCAACACCAAA-39 (forward) and 39-TCACCCTG-
GTGTTCTTCCTC-59 (reverse); Nrf2: 59-TCACACGAGATGAGC-
TTAGGGCAA-39 (forward) and 39-TACAGTTCTGGGCGGC-
GACTTTAT-59 (reverse); Oscar: 59-CTGCTGGTAACGGATCAG-
CTCCCCAGA-39 (forward) and 39-CCAAGGAGCCAGAACCTT-
CGAAACT-59 (reverse);Ppargc1b (peroxisomeproliferator-activated
receptor-g coactivator 1b): 59-CTCCAGGCAGGTTCAACCC-39
(forward) and 39-GGGCCAGAAGTTCCCTTAGG-59 (reverse);
Prdm1: 59-TGCTTATCCCAGCACCCC-39 (forward) and 39-CTTC-
AGGTTGGAGAGCTGACC-59 (reverse); andRunx2: 59-GAGAGG-
TACCAGATGGGACT-39 (forward) and 39-CACTTGGGGAG-
GATTTGTGA-59 (reverse).

Small interfering RNA

Small interfering RNA (siRNA) experiments were performed
as previously described (16). Target sequences used were
ACGCGUGCAUCGACUGGGUCAAAUA (Keap1 siRNA)
and CAGUGCUCCUAUGCGUGAAUCCCAA (Nrf2 siRNA).
In brief, RAW-D cells that were plated on 60-mm plates were
cultured in antibiotic-free a-minimal essential medium. Each
siRNA or both siRNAs were transfected into RAW-D cells by
using Lipofectamine RNAiMax transfection reagent (Thermo
Fisher Scientific) according to manufacturer instructions. Cells
were incubated with 10 pmol siRNA for 24 h, followed by
isolation of total RNA for quantitative RT-PCR analysis.

Skeletal preparation

Newborn mice were eviscerated, fixed in 99.5% ethanol for
3 d, and transferred to acetone. Mice were then stained for
3 d in staining solution that consisted of 20 ml of alcian blue
solution (pH 2.5; Wako Pure Chemicals), 24 ml of 100% acetic
acid, and 56 ml of 99.5% ethanol. After rinsing with 1% KOH,
specimens were stained for 2 h with 0.03% alizarin red (Wako
PureChemicals) in 1%KOH, rinsedwith 1%KOH, andkept in
1%KOHuntil the skeletons became clearly visible. Specimens
were transferred into glycerol gradients that ranged from
10 to 100% for final storage.

Micro–computed tomography

Dissected femurs from newborn mice were analyzed by using a
micro–computed tomography (mCT) system (R_mCT; Rigaku
Corporation, Tokyo, Japan), and data from scanned slices were
used for 3-dimensional analyses to calculate femoral morphom-
etric parameters. Trabecular bone parameters weremeasured by
using the distal femoral metaphysic. Approximately 2 mm
(0.35 mm from the growth plate) was cranio-caudally scanned,
and 200 slices were taken at 10-mm intervals.

Histologic analysis

Tibias fromnewbornmicewere fixed in 4%paraformaldehyde in
phosphate buffer and were decalcified in 5% EDTA for 2 wk.
Decalcified specimens were dehydrated in an ethanol gradient
and embedded in paraffin. Sections were cut into 5-mm-thick
longitudinal planes and stained with hematoxylin and eosin or
alcianblue.Osteoclastswerevisualizedby staining forTRAP, and
images for hematoxylin and eosin and alcian blue staining were
obtained by using an Axioskop-2 (Zeiss, Jena, Germany). TRAP-
stained images were obtained by using a BZ-9000 microscope
withMZ-IIAnalyzer software (Keyence,Osaka, Japan).The frame
(250 3 360 mm) was set just below the mesial growth plate and
TRAP-positive cells within the frame were counted.

Statistical analysis

All values are expressed as means6 SD of 3 independent exper-
iments. Tukey-Kramer tests were used to compare groupswhen
ANOVA indicated a significant difference.

RESULTS

Keap1 deficiency causes mild retardation of
talus and calcaneus bone formation,
disorganized growth plates, and decreased
numbers of osteoclasts in vivo

To investigate the specific functions of the Keap1/Nrf2
axis on skeletal development in vivo, we stained skeletons
of newbornWT, Keap12/2, andNrf22/2mice with alcian
blue and alizarin red to visualize cartilage and calcified
tissue, respectively. InWTmice, the skull,mandibula, ribs,
and vertebrae were calcified (Fig. 1A, red-colored area).
Skeletons of Keap12/2 and Nrf22/2 mice showed no ob-
vious abnormal bone phenotype (Fig. 1A); however, talus
and calcaneus bone formation was retarded in some
Keap12/2mice (Fig. 1B, arrow). Four of 12 Keap12/2mice
showed talus and calcaneus bone defects, whereas these
abnormalitieswere not detected inWT (n= 13) orNrf22/2

(n=13)mice. In addition, femurs fromnewbornmicewere
subjected to mCT scans, with images of femoral bones
(datanot shown)andmCTanalyses showingnosignificant
differences in trabecular bone volume, thickness, number,
or separation (Fig. 1C). Furthermore, chondrocytes from
Keap12/2 mice showed small and flattened shapes in
alcian blue–stained cartilage sections (Fig. 1D, E), and
histomorphometric analyses revealed a shorter hypertro-
phic layer and a decreased number of osteoclasts in
Keap12/2 mice (Fig. 1F–I). Although we observed no se-
vere abnormalities in skeletal development, our results
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Figure 1. Keap1 deficiency disturbs skeletal organization and bone cell differentiation in vivo. A, B) Skeletal staining of newborn
mice with alcian blue and alizarin red. Representative data from 4 independent experiments are shown [n = 13 (WT), 12
(Keap12/2), and 13 (Nrf22/2)]. Scale bars, 1 mm. C) Morphometric analysis of newborn mouse femurs. Representative data
from 5 independent experiments are shown [n = 12 (WT), 15 (Keap12/2), and 11 (Nrf22/2)]. D, E) Representative alcian
blue–stained sections of femurs. Three independent experiments were conducted [n = 4 (WT), 3 (Keap12/2), and 5 (Nrf22/2)].
Scale bars, 200 mm. Boxed regions represent areas shown at a higher magnification in panel E. Scale bars, 100 mm. F, G)
Representative hematoxylin and eosin–stained sections of femurs. Three independent experiments were conducted [n = 12
(WT), 12 (Keap12/2), and 12 (Nrf22/2)]. Scale bars, 100 mm. Three random points of the hypertrophic layer were measured in
each section with lengths shown as means 6 SD of 12 different sections. *P , 0.05 vs. WT. H, I) Representative histologic
photographs of tibias with TRAP-stained osteoclasts (arrow). Two independent experiments were conducted [n = 6 (WT), 5
(Keap12/2), and 4 (Nrf22/2)]. Scale bars, 100 mm. *P , 0.05 vs. WT. BV/TV, bone volume/tissue volume; MNCs,
multinucleated cells; NS, not significant; Tb. N, trabecular bone number; Th, trabecular bone thickness; Tb. Sp, trabecular bone
separation.
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suggest that Keap1 is required for proper skeletal organi-
zation and bone cell differentiation in vivo.

Keap1-deficient calvarial osteoblasts support
osteoclastogenesis, but Keap1-deficient
macrophages are unable to differentiate
into osteoclasts

Bone homeostasis is balanced by the interplay between
osteoblasts andosteoclasts.Osteoblasts regulate osteoclast
differentiation by secreting molecules, such as RANKL
and osteoprotegerin, which is a soluble decoy RANKL
receptor that inhibits osteoclastogenesis (3). To determine
whether the defective osteoclast differentiation that was
observed in Keap12/2 mice is cell intrinsic or environ-
mental, we evaluated the osteoclastogenic ability of osteo-
blasts by using an in vitro coculture system thatmimicked
aspects of osteoclastogenesis in vivo. We cocultured pri-
marycalvarial osteoblastswith splenicmacrophages in the
presence of PGE2 and 1a,25(OH)2D3 (Fig. 2A). In this
system, preosteoclasts differentiate into TRAP-positive
multinucleated cells, because treatment with PGE2 and
1a,25(OH)2D3 promotes RANKL secretion from calvarial
osteoblasts (21). When WT splenic macrophages were
cocultured with WT osteoblasts, TRAP-positive osteo-
clastswere formed (Fig. 2B1,C); however,whenKeap12/2

splenicmacrophageswere coculturedwithWT,Keap12/2,
or Nrf22/2 osteoblasts, osteoclast formation was largely
abolished (Fig. 2B4–6, C). When Keap12/2 osteoblasts
were cocultured with WT macrophages, osteoclast for-
mation was not inhibited (Fig. 2B2, C). In contrast, co-
culture of Nrf22/2 macrophages with WT osteoblasts
yielded more TRAP-positive multinucleated cells com-
pared with that observed after coculture with WT mac-
rophages (Fig. 2B1, 7, C). Of interest, coculture ofNrf22/2

osteoblasts with WT, Keap12/2, or Nrf22/2 macrophages
resulted in lower osteoclast formation relative to that ob-
served in cocultures of WT macrophages with WT osteo-
blasts. (Fig. 2B1, 3, C). These results suggest that Nrf2
deficiency impairs the ability of osteoblasts to support
osteoclast differentiation, whereas Keap12/2 osteoblasts
support osteoclastogenesis. Remarkably, Keap12/2 mac-
rophages intrinsically exhibited an impaired ability to
differentiate into osteoclasts.

Keap1 deficiency suppresses RANKL-induced
osteoclastogenesis in vitro

To investigate osteoclastogenic impairment in Keap12/2

cells, we directly compared osteoclast differentiation by
using splenic macrophages from Keap12/2, Nrf22/2, and
WT mice. As shown in Fig. 3A, Keap12/2 macrophages
wereunable todifferentiate intoTRAP-positiveosteoclasts
(Fig. 3A, B, left), although cell viability was not affected
(Fig. 3B, right). Of note, TRAP-positive osteoclast forma-
tion from Nrf22/2 splenic macrophages was significantly
higher, which is consistent with results from previous
studies thatwereobtainedbyusingNrf22/2bonemarrow
macrophages (11, 22). Bone-resorbing activity was

observed in WT osteoclasts; however, bone-resorbing ac-
tivity in Keap12/2 cells was abolished, whereas Nrf22/2

osteoclasts from splenic macrophages exhibited enhanced
bone-resorbing activity (Fig. 3C). When cultured in the
presence ofM-CSF and RANKL, themRNAexpression of
osteoclastogenicmarkers,Ctsk, a cysteineproteinase that is
involved in bone resorption, and Dc-stamp, a trans-
membrane protein that is involved in osteoclast cell–cell
fusion (23), as well as osteoclast-associated receptor (24),
an Ig-like surface receptor that activates NFATc1, was
completely abolished in Keap12/2 cells but was

Figure 2. Keap1-deficient macrophages show impaired osteo-
clastogenesis in coculture. A) Schematic illustration of the
coculture. B) Splenic macrophages were cocultured with
primary osteoblasts from newborn mice for 6 d in the presence
of 1 mM PGE2 and 10 nM 1a,25(OH)2D3 and were stained for
TRAP activity. Data are representative of 3 independent
experiments. C) TRAP-positive multinucleated cell (MNC)
numbers are shown as means 6 SD of 3 independent triplicate
experiments. Numbers below the column (1–9) correspond to
the number presented in panel B. K, Keap12/2; N, Nrf22/2; W,
WT. **P , 0.01 vs. WT cells (1).
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significantly higher in Nrf22/2 cells (Fig. 3D). Of note,
these genes are transcriptionally regulated byNFATc1 (4).
These results indicated that NFATc1 mRNA expression
was completely abolished in Keap12/2 cells.

Oxidative stress stimulates osteoclastogenesis (6). Un-
der physiologic conditions, Keap1 inhibits Nrf2 nuclear
translocation (25); however, Keap1 deficiency promotes
constitutive Nrf2 activation and up-regulation of cyto-
protective enzymes (25). Therefore, we examined the
mRNA levels of cytoprotective genes, Nqo1, Gst, and
Hmox1, by quantitative RT-PCR and monitored in-
tracellular ROS by flow cytometric analysis using the
oxidative-stress indicator, CM-H2DCFDA, in osteoclast
precursor cells. As expected, marked up-regulation of the
cytoprotective genes and the lowest ROS levels were ob-
served in Keap12/2 cells (Supplemental Fig. 1).

Phosphataseactivity is inhibitedbyROS,which leads to
activation of ERK, p38 MAPK, and JNK (26). To deter-
mine the molecular mechanisms that underlie Keap1
deficiency–mediated inhibition of osteoclastogenesis, we
investigated the effects of Keap1 deficiency on RANKL-
stimulated signaling, including pathways that are associ-
ated with ERK, p38MAPK, and JNK, which are crucial to
osteoclastogenesis (3) and redox sensitivity (6). RANKL
also stimulates the PI3K/Akt pathway and NF-kB acti-
vation, aswell as c-Fos andNFATc1 activity.Western blot
analysis revealed marked reductions in RANKL-induced
phosphorylation of ERK, p38 MAPK, JNK, Akt, and

inhibitor of nuclear factor kB a inKeap12/2 cells (Fig. 4A).
Heme oxygenase-1, a cytoprotective enzyme, was mark-
edly up-regulated in Keap12/2 cells compared with
WTcells,which indicated thenuclear translocationofNrf2
(Fig. 4B). By contrast, NFATc1 expression was signifi-
cantly reduced in Keap12/2 cells, although the levels of
both c-Fos and NF-kB were comparable in Keap12/2 and
WT cells (Fig. 4B). NFATc1 is transcriptionally regulated
by the nuclear translocation of phospho–c-Fos andNF-kB,
which coordinately bind to NFATc1 promoter regions to
up-regulate NFATc1 expression (27, 28). We observed
enhanced nuclear translocation of Nrf2 protein inKeap12/2

cells,which indicated theconstitutiveactivationofNrf2 (Fig.
4C). Moreover, we observed RANKL-mediated nuclear
translocation of phospho–c-Fos and NF-kB at 6 h in
WTcells,whereasRANKL-inducednuclear translocationof
phospho–c-Fos and NF-kB was markedly reduced in
Keap12/2 cells (Fig. 4C). These results suggest that the in-
hibition of phospho–c-Fos andNF-kB nuclear translocation
may cause NFATc1 down-regulation and the inhibition of
osteoclastogenesis in Keap12/2 cells.

Keap1 deficiency up-regulates MafB, a
negative regulator of NFATc1

MafB (V-mafmusculoaponeurotic fibrosarcomaoncogene
homolog B), which is expressed in monocytes and

Figure 3. Keap1 deficiency suppresses RANKL-induced osteoclastogenesis in vitro. A) Splenic macrophages from newborn mice
were cultured in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL for 3 d, followed by TRAP staining. Data are
representative of 3 independent experiments. Scale bars, 100 mm. B) Numbers of TRAP-positive multinucleated cells (MNCs;
left). Viability of splenic macrophage–derived osteoclasts after a 3-d culture (right). Values reflect means 6 SD of 3 independent
triplicate experiments. **P , 0.01 vs. WT cells; ##P , 0.01 between groups. C) Representative photograph showing bone
resorption activity of osteoclasts. Three independent experiments were performed. Scale bars, 100 mm. D) Splenic macrophages
from newborn mice were cultured in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL for indicated times, and mRNA
expression was analyzed by quantitative RT-PCR, with relative levels normalized to that of b-actin. NS, not significant. Values are
means 6 SD of 3 independent triplicate experiments. **P , 0.01 vs. WT cells at 0 h; ##P , 0.01 between groups.
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macrophages, associates with c-Fos and attenuates the
expression of NFATc1 and osteoclast-associated receptor
(29). During osteoclastogenesis, RANKL down-regulates
MafB expression. In agreementwith previous studies (29),
our results indicate that MafB was down-regulated by
RANKL treatment in WT and Nrf22/2 cells. In contrast,
Mafb expression was significantly increased in Keap12/2

cells (Fig. 5A, left). B lymphocyte–induced maturation
protein-1 (Blimp1; encoded by Prdm 1) is up-regulated by
RANKL and suppresses Mafb expression, thereby pro-
moting NFATc1 activation (30). After RANKL stimula-
tion, we observed up-regulated Blimp1 expression in WT
and Nrf22/2 cells, which suggested the down-regulation
of MafB in WT and Nrf22/2 cells; however, we also ob-
served the complete abolishment of Prdm 1 expression in

Keap12/2 cells, which suggested the recovery of Mafb ex-
pression (Fig. 5A, right). These results suggest that Keap1
deficiency may affect osteoclast differentiation and acti-
vation via up-regulation ofMafb expression accompanied
by the attenuation of Prdm 1 expression.

Of interest, our results also indicate that Mafb expres-
sion was already up-regulated before RANKL treatment
(Fig. 5A, left; 0h) inKeap12/2 cells. Todetermine theextent
of involvement of Nrf2 in the up-regulated Mafb expres-
sion in Keap12/2 cells at 0 h, we performed knockdown

Figure 4. Keap1 deficiency suppresses RANKL-activated
signaling and NFATc1 protein expression. A) Splenic macro-
phages from Keap12/2 and WT mice were cultured in serum-
free medium for 2 h and stimulated with RANKL (50 ng/ml)
for indicated times. Equal amounts of proteins were subjected
to SDS-PAGE, followed by Western blot using specific Abs.
b-Actin was used as a loading control. Data are representative
of 3 independent experiments. B) Splenic macrophages were
cultured with M-CSF (30 ng/ml) and RANKL (50 ng/ml) for 3
d, and protein levels were analyzed by Western blot using
specific Abs. b-Actin was used as a loading control. Data are
representative of 3 independent experiments. C) Splenic
macrophages were cultured in the presence or absence of
RANKL for indicated times, and phospho–c-Fos and NF-kB
p65 in nuclear fractions were analyzed by Western blot. Lamin
A/C was used as a loading control. Data are representative of 3
independent experiments.

Figure 5. Keap1 deficiency up-regulates Mafb, a negative
regulator of NFATc1. A) Splenic macrophages from newborn
mice were cultured in the presence of 30 ng/ml M-CSF and
50 ng/ml RANKL for indicated times, and mRNA expression
of Mafb and Prdm 1 was analyzed by quantitative RT-PCR, with
relative levels normalized to those of b-actin. Values represent
means 6 SD of 3 independent triplicate experiments. **P ,
0.01 vs. WT cells at 0 h; ##P , 0.01 between groups. B) Each
siRNA was transfected into RAW-D cells and cultured for 24 h,
followed by isolation of total RNA for quantitative RT-PCR
analysis. Relative expression levels were normalized to b-actin.
Values represent means 6 SD of 3 independent triplicate
experiments. NS, not significant. **P , 0.01 vs. control siRNA;
##P , 0.01 between groups.
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experiments using siRNA. Transfection of siRNA for
Keap1, Nrf2, and both Keap1 and Nrf2 reduced Keap1
and/or Nrf2 mRNA expression, respectively. In addition,
marked up-regulation of Nqo1 expression was observed
only in Keap1-knockdown cells, which suggested that
Nrf2 activation occurred after Keap1 siRNA transfection.
In contrast, the up-regulation ofNqo1 expression that was
observed in Keap1-knockdown cells was completely
abolished in Keap1 and Nrf2 double-knockdown cells,
which indicated that up-regulation ofNqo1 expression by
Keap1 knockdown was caused by Nrf2 activation. Simi-
larly, up-regulated Mafb expression that was observed in
Keap1-knockdown cells was significantly reduced in
Keap1 and Nrf2 double-knockdown cells, which sug-
gested that Nrf2 is involved in the up-regulation of Mafb
expression in Keap12/2 cells (Fig. 5B).

Keap1 deficiency down-regulates Ppargc1b
and mitochondrial genes, followed by Irf8
up-regulation

Osteoclasts contain abundantmitochondria, andRANKL-
induced mitochondrial gene expression is required for
osteoclast differentiation. Specifically, peroxisome
proliferator-activated receptor-g coactivator 1b (PGC-1b;
encoded by Ppargc1b) is induced by RANKL-mediated
ROS production and promotes osteoclast differentiation
via the stimulation of mitochondrial biogenesis (31). To
determine the effects of Keap1 deficiency on PGC-1b
expression, we analyzed Ppargc1b mRNA expression.
Ppargc1b was significantly up-regulated in WT and
Nrf22/2 cells during osteoclastogenesis; however,
there was no up-regulation of Ppargc1b in Keap12/2

cells compared with that observed in WT and Nrf22/2

cells (Fig. 6A).Moreover, the expression of tricarboxylic
acid cycle–related enzymes, such asCs andAco2, and of
the mitochondrial oxidative phosphorylation enzymes,
Ndufa4 (complex I), Sdhd (complex II), Cox5a (complex
III), Uqcrc2 (complex IV), and Atp5b (complex V), were
significantly down-regulated in Keap12/2 cells during
osteoclastogenesis (Fig. 6A). In contrast, these enzymeswere
markedlyup-regulated inNrf22/2 cells at 48h.These results
suggest that the down-regulated Ppargc1b expression in
Keap12/2 cells suppresses the expression of mitochondrial
enzymes, thereby inhibiting osteoclast differentiation.

IFN regulatory factor-8 (IRF-8), a key transcription
factor, suppresses osteoclastogenesis by inhibiting the ex-
pression of NFATc1 (32). Recently, Nishikawa et al. (19)
indicated that RANKL-induced up-regulation of mito-
chondrial genes promotes epigenetic DNAmethylation of
Irf8 and represses Irf8 expression. Our results demonstrate
thedown-regulationof Irf8uponRANKLtreatment inWT
and Nrf22/2 cells; however, Irf8 expression was signifi-
cantly higher in Keap12/2 cells (Fig. 6B). These results
suggest that the suppression of the mitochondrial tri-
carboxylic acid cycle and expression of oxidative phos-
phorylation genesmight promote the up-regulation of Irf8
expression in Keap12/2 cells.

Of interest, constitutive activation of Nrf2 has been
observed in various human cancers (33, 34). Recently,

Mitsuishi et al. (20) demonstrated that Nrf2 up-regulates
the expression of genes that are involved in the pentose
phosphate and NADPH production pathways in cancer
cells.Here,pentosephosphatepathway–specific enzymes,
including glucose-6-phosphate dehydrogenase (G6PD),
phosphogluconatedehydrogenase (Pgd), and transaldolase 1
(Taldo1), showed elevated mRNA expression levels in
Keap12/2cells (Fig. 6C).Moreover, genes that are involved in
de novo nucleotide synthesis, such as phosphoribosyl pyro-
phosphate amidotransferase (Ppat) and methylenetetrahy-
drofolatedehydrogenase2 (Mthfd2),weredown-regulated in
Keap12/2 cells at 24 and 48 h (Fig. 6C,D).

Proposed mechanism by which Keap1
deficiency negatively regulates
osteoclast differentiation

Figure 7 summarizes our findings that Keap1 deficiency
inhibits ROS-mediated MAPK activation, Blimp1/MafB-
mediatedNFATc1 up-regulation, andmitochondria/IRF-
8–mediated NFATc1 up-regulation.

DISCUSSION

This study, to our knowledge, is the first to report that
Keap1 deficiency results in mild defects of talus and cal-
caneus bone formation, shorter hypertrophic layers of
growth plates, and a decreased number of osteoclasts in
vivo. Keap1 deficiency negatively regulated osteoclast dif-
ferentiation in vitro via 3 specific pathways: inhibition of
ROS-mediatedMAPK activation, Blimp1/MafB-mediated
NFATc1 down-regulation, and mitochondria/IRF-8–
mediatedNFATc1 down-regulation. These results suggest
that the Keap1/Nrf2 axis plays a critical role in skeletal
organization via regulation of bone cell differentiation.

In long bones, mesenchymal cells undergo chondro-
genesis and form cartilage during endochondral ossifica-
tion. Differentiated chondrocytes are organized into
growth plates that progress through resting, proliferation,
hypertrophy, and calcifying stages to ultimately be
replaced by mineralized bone (35, 36). Similar to previous
studies that have shown that Nrf2 negatively regulates
chondrocyte (37) andosteoblast (10)differentiation invitro,
our results demonstrated defects of talus and calcaneus
bone formation and shorter hypertrophic layers of growth
plates in Keap1-deficient mice in vivo, which suggests that
the constitutive activation of Nrf2 might cause impaired
chondrocyte and osteoblast differentiation.

Moreover, Keap12/2 mice exhibited significant inhibi-
tion of osteoclast formation in vivo and in vitro. MafB in-
hibits RANKL-induced osteoclastogenesis by interfering
with the DNA-binding ability of c-Fos and NFATc1 (29).
Our data revealed enhancedMafb expression in Keap12/2

cells, as well as significantly reduced levels of activated
c-Fos in the nuclear fraction and NFATc1 in cell lysates,
which suggested that enhanced MafB interferes with the
activation of c-Fos andNFATc1 inKeap12/2 cells.We also
observed marked down-regulation of Nfatc1 and di-
minished expression of NFATc1-regulated osteoclast
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Figure 6. Keap1 deficiency down-regulates the expression of Ppargc1b and mitochondrial genes, followed by Irf8 up-regulation.
A–C) Splenic macrophages from newborn mice were cultured in the presence of 30 ng/ml M-CSF and 50 ng/ml RANKL for
indicated times, and mRNA expression was analyzed by quantitative RT-PCR, with relative levels normalized to those of b-actin.
Values represent means 6 SD of 3 independent triplicate experiments. **P , 0.01 vs. WT cells at 0 h; #P , 0.05; ##P , 0.01
between groups. D) Schematic illustration showing the glucose metabolic pathways. mRNA expression levels of individual
enzymes in Keap1 KO cells are indicated with wide arrows. NS, not significant; TCA, tricarboxylic acid.

Keap1/Nrf2 IN OXIDATIVE STRESS AND BONE METABOLISM 9
 Vol.,  No. , pp:, May, 2017The FASEB Journal. 150.46.200.71 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/


marker genes, CtsK, Dc-stamp, and Oscar, in Keap12/2

cells. Up-regulated Mafb expression may explain the
impaired osteoclastogenesis in Keap12/2 cells. Recent
chromatin immunoprecipitation sequencingdataofKeap1-
conditional knockout bone marrow macrophages in-
dicated thatNrf2 binds to the gene regulatory regions of
Mafb; however, these regions did not contain conserved
antioxidant response elements (TGAG/CnnnGC) (38).
Nrf2 might bind these regions via currently unknown
factors to directly regulate the expression of Mafb. Fur-
thermore, tert-butylhydroquinone, a Nrf2 activator, up-
regulates MafB expression in a dose-dependent manner,
but this up-regulation was not observed in Nrf22/2 cells
(unpublished data). These results and our current results
from Keap1 siRNA knockdown (Fig. 5B) support the
possibility that Nrf2 directly regulates Mafb expres-
sion; however, additional experiments are required.

During osteoclastogenesis, PGC-1b is a pivotal regula-
tor of osteoclast differentiation via induction of mito-
chondrial biogenesis. Ppargc1b knockdown inhibits
mitochondrial gene expression and osteoclastogenesis
(31). RANKL-induced mitochondrial biogenesis stimu-
lates DNAmethylation of the 39-flanking region of Irf8 by
DNA methyltransferase 3a and inhibits Irf8 expression,
thereby promoting osteoclast differentiation (19). In con-
trast, our results indicate that the constitutive activation of
Nrf2 in Keap12/2 macrophages reduced oxidative stress
and decreased Ppargc1b expression and that of mitochon-
drialgenes.Moreover,weobservedmarkedup-regulation
of Irf8 associated with down-regulated NFATc1 expres-
sion in Keap12/2 macrophages (Fig. 6A). These results
suggest that Keap1/Nrf2-mediated cellular redox regu-
lates osteoclast differentiation via IRF-8–mediated tran-
scriptional modulation of NFATc1. In addition, Irf8 is a
direct repressive target of Blimp1 and Mafb during

RANKL-induced osteoclastogenesis (30). Our findings of
abolished Prdm1 expression in Keap12/2 cells suggest the
recovery of Irf8 expression. Inhibition of the Blimp1-
mediated repression of key negative regulators of osteo-
clastogenesis, such as IRF-8 and MafB, seems to be a
significant effect of Keap1 deficiency.

NO is a multifunctional signaling molecule. RANKL-
induced expression of iNOS and production of NO act as
negative feedback signals during osteoclastogenesis (39).
A recent study reported that nicorandil, an angina thera-
peutic agent that has NO action, suppresses osteoclast
formation and bone resorption (40). Given that previous
studies have demonstrated that Nrf2 activators regulate
the induction of iNOS andNOproduction (41, 42), Keap 1
deficiency might affect iNOS induction and NO pro-
duction during osteoclastogenesis.

While the number of studies involving Nrf22/2 mice
has been increasing, there are not as many studies of
Keap12/2 mice. In line with previous studies (11, 22), our
results indicate that osteoclast formationwas significantly
stimulated in Nrf22/2 cells (Supplemental Fig. 2A). Fur-
thermore, Western blot analysis indicated the marked in-
duction of RANKL-stimulated phosphorylation of
MAPK, nuclear translocation of phospho–c-Fos and
NFATc1 in an ROS-dependent manner, and enhanced
protein levels of NFATc1 and cathepsin K inNrf22/2 cells
in vitro (Supplemental Fig. 2B–D). These findings suggest
that osteoclastogenesis and bone resorption may be stim-
ulated in Nrf22/2 mice; however, mCT images and bone
morphometric parameters from Nrf22/2 newborn mice
and thenumber of TRAP-stainedpositive osteoclastswere
indistinguishable from those ofWTmice in vivo. Similarly,
the bone microenvironment seems to be normal under
normal conditions, whereas after inflammatory insult,
spontaneous bone fractures occur inNrf22/2mice (12). In
addition, other studies have reported that enhanced bone
formation occurs in 9-wk-old Nrf22/2 mice (22), but en-
hancedbone losswasobserved in16-wk-oldNrf22/2mice
(43). Similar discrepancies are observed in Keap12/2 cells
and animals. Keap1 deficiency causes almost complete
inhibition of osteoclast formation in vitro, although the
mild reduction of osteoclast number was observed in
Keap12/2 mice. We could not resolve these discrepancies
in the current study; however, differences in animal con-
ditions, including age, inflammation, and redox state,
might explain variations in our findings. Fibroblast
growth factor 21 (FGF21) is an endocrine hormone that is
involved in the regulation of glucose and lipidmetabolism
(44). Nrf2 knockdown suppresses FGF21 expression (45).
Of interest, serum levels of FGF21 are increased in obesity
(46). Transgenic mice that overexpress FGF21 show de-
creasedbonemass,whereas FGF21-knockoutmice showa
high-bone-mass phenotype (47). These results may ex-
plain discrepancies between experimental observations in
vitro and in vivo. Cellular redox states likely affect osteo-
blast and osteoclast differentiation in vivo.Moderate levels
of ROS facilitate cellular signaling, although excessive
amounts ofROSresult in cellulardamageanddecrease the
number of osteoclasts (48). This biphasic action of ROS
may explain different results in knockout animals. To ad-
dress this issue, more detailed investigations are required.

Figure 7. Schematic illustration of the proposed mechanism by
which Keap1 deficiency negatively regulates osteoclast differ-
entiation. Keap1 deficiency promotes the constitutive activa-
tion of Nrf2. Nrf2 inhibits ROS-mediated MAPK activation,
Blimp1/MafB-mediated NFATc1 up-regulation, and mitochon-
dria/IRF-8–mediated NFATc1 up-regulation. Keap1/Nrf2-me-
diated regulation of NFATc1 seems to be important for proper
osteoclast differentiation.
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cMaf is aMaf-family leucine-zipper transcription factor
that positively regulates osteoblast differentiation by reg-
ulating the expression of osteoblast genes, such as Alpl
(alkaline phosphatase) andBglap (osteocalcin) (49).Runx2,
a key transcription factor in osteoblast differentiation and
up-regulatesAlpl, Bglap, cMaf, Spp1 (osteopontin), and Sp7
(osterix) (50). We observed increased levels of Alpl, Bglap,
cMaf, Spp1, Sp7, andRunx2mRNA inNrf22/2 osteoblasts
(Supplemental Fig. 3), which suggests that enhanced
bone formation by osteoblasts and enhanced bone re-
sorption by osteoclasts (i.e., high metabolic turnover)
may occur simultaneously with increased growth in
Nrf22/2 mice. In contrast, because the expression of
Alpl and Spp1 (osteopontin), which translate into bone
matrix proteins, was markedly down-regulated in
Keap12/2 osteoblasts, bone formation and resorption
might be suppressed along with growth by Keap1
deficiency (i.e., low metabolic turnover).

Our results reveal that the Keap1/Nrf2 axis plays
critical roles in skeletal organization and osteoclasto-
genesis. Numerous studies have reported that chem-
icals or natural products that exhibit antioxidant
activity inhibit osteoclastogenesis (15, 51, 52). From
the viewpoint of osteoclasts, Nrf2 activators could be
attractive therapeutic agents for bone-lytic diseases,
such as osteoporosis and rheumatoid arthritis; how-
ever, similar to results observed in Keap12/2 mice,
considerable activation of Nrf2 may result in impaired
differentiation of osteoblasts and chondrocytes. Im-
paired bone formation is a possible adverse effect of Nrf2
activators; therefore, further investigation of the molecu-
lar mechanisms that are associated with the Keap1/Nrf2
axis might provide new therapeutic strategies for the
treatment of various bone diseases.
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