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Steap4 Plays a Critical Role in Osteoclastogenesis in Vitro by
Regulating Cellular Iron/Reactive Oxygen Species (ROS)
Levels and cAMP Response Element-binding Protein (CREB)
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(Bacl(ground: Iron uptake through the transferrin-dependent pathway is essential for osteoclast differentiation.
Results: Knocking down the expression of Steap4, an endosomal ferrireductase, inhibits osteoclast formation and decreases

Conclusion: Steap4 regulates cellular iron metabolism during osteoclast differentiation.
Significance: This work provides new insights into the molecular mechanisms regulating cellular iron metabolism in osteoclast
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Iron is essential for osteoclast differentiation, and iron over-
load in a variety of hematologic diseases is associated with exces-
sive bone resorption. Iron uptake by osteoclast precursors via
the transferrin cycle increases mitochondrial biogenesis, reac-
tive oxygen species production, and activation of cAMP
response element-binding protein, a critical transcription factor
downstream of receptor activator of NF-kB-ligand-induced cal-
cium signaling. These changes are required for the differentia-
tion of osteoclast precursors to mature bone-resorbing oste-
oclasts. However, the molecular mechanisms regulating cellular
iron metabolism in osteoclasts remain largely unknown. In this
report, we provide evidence that Steap4, a member of the six-
transmembrane epithelial antigen of prostate (Steap) family
proteins, is an endosomal ferrireductase with a critical role in
cellular iron utilization in osteoclasts. Specifically, we show that
Steap4 is the only Steap family protein that is up-regulated dur-
ing osteoclast differentiation. Knocking down Steap4 expres-
sion in vitro by lentivirus-mediated short hairpin RNAs inhibits
osteoclast formation and decreases cellular ferrous iron, reactive
oxygen species, and the activation of cAMP response element-
binding protein. These results demonstrate that Steap4 is a critical
enzyme for cellular iron uptake and utilization in osteoclasts and,
thus, indispensable for osteoclast development and function.

Osteoclasts are highly specialized, multinucleated cells capa-
ble of resorbing calcified cartilage and bone matrix during skel-
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etal development, growth, and remodeling (1, 2). Osteoclastic
bone resorption is essential for bone and mineral homeostasis
under physiological conditions. Exaggerated bone resorption,
either because of increased osteoclast number or enhanced
activity, leads to pathological bone loss and is the culprit of
metabolic bone diseases such as postmenopausal osteoporosis,
Paget disease of bone, rheumatoid arthritis, periodontal dis-
ease, and tumor bone metastasis (3).

Osteoclasts originate from mononuclear progenitors of the
macrophage lineage that eventually fuse to form polykaryons in
amultistep process that is controlled by two indispensible cyto-
kines: the macrophage colony-stimulating factor (M-CSF)® and
the receptor activator of NF-kB ligand (RANKL) (4). M-CSF
stimulates the proliferation of macrophages and the survival of
the mature osteoclast polykaryons by activating ERK and the
PI3K/AKT pathways (5). RANKL, on the other hand, induces
the expression of osteoclast-specific genes and promotes the
survival of mature osteoclasts by activating NF-«kB, MAPKs,
and PI3K/AKT (1). In addition, RANKL stimulates [Ca>"]; oscil-
lation in osteoclast precursors, and [Ca®*],, in turn, activates cal-
cineurin and a calmodulin-dependent kinase-CREB pathway,
resulting in the induction and activation of nuclear factor of acti-
vated T-cells, cytoplasmic, calcineurin-dependent 1 (NFATc1),
the master transcription factor for osteoclastogenesis (6, 7). Acti-
vation of CREB during osteoclast differentiation induces the
expression of the peroxisome proliferator-activated receptor y
coactivator 183 (PGC-1B). PGC-1 then acts to stimulate mito-
chondrion biogenesis and the generation of reactive oxygen spe-
cies (ROS), which promote osteoclastogenesis by increasing the
activity of CREB and PGC-1p in a positive feedback manner (8, 9).

3 The abbreviations used are: M-CSF, the macrophage colony-stimulating factor;
RANKL, receptor activator of NF-«B ligand; CREB, cAMP response element-
binding protein; ROS, reactive oxygen species; Tf, transferrin; TfR1, transferrin
receptor 1; a-MEM, a-minimal essential medium; BMM, bone marrow macro-
phage; TRAP, tartrate-resistant acid phosphatase; PG SK, Phen Green SK; pOC,
preosteoclast; OC, mature osteoclast; 2,2-DPD, 2,2"-dipyridyl.
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Iron uptake through the transferrin/transferrin receptor (Tf/
TfR1) pathway also augments osteoclastogenesis, and the effects of
iron are mediated, at least in part, by ROS (8). However, the molec-
ular details of iron homeostasis in osteoclasts are largely unknown,
as are the molecular mechanism(s) by which iron overload leads to
pathologic bone resorption.

In the extracellular fluid, ferric iron (Fe*") is mainly bound to
Tf with high affinity. Most mammalian cells acquire iron
through the Tf cycle, in which iron-loaded Tf binds to TfR
on the cell surface, and the complex is then internalized via
receptor-mediated endocytosis (10, 11). Fe** is released from
Tf because of acidic pH in endosomes. The Tf-TfR1 complex
returns to the plasma membrane and is ready for another round
of iron uptake. Before Fe** can be transported across the endo-
somal membrane to the cytoplasm, it must be reduced to fer-
rous iron (Fe*"). The six-transmembrane epithelial antigen of
prostate (Steap) family of proteins has been recently identified
as ferrireductases responsible for the reduction of Fe*" in
mammalian cells (12). Three of the four Steap family members,
Steap2, Steap3, and Steap4, are ferric and cupric reductases
(13). Notably, mutations in Steap3 in humans and mice lead to
microcytic hypochromic anemia, which is caused by deficient
iron uptake in erythroid cells (14). Steapl and Steap2 are highly
expressed in the prostate and have been implicated in prostate
cancer metastasis (15, 16). Steap4, also known as Stamp2 or
Tiarp/Tnfaip9, is highly induced by TNF-« in adipocytes (17, 18),
where it regulates insulin sensitivity, glucose metabolism, and
inflammation (19). Heretofore, it remains unknown whether
Steap family proteins are expressed in osteoclasts and whether
they play a role in iron uptake in this cell type.

Mitochondria are the primary consumers of cellular iron for the
synthesis of heme and iron-sulfur clusters. Iron is also an integral
element in protein complexes along the mitochondrial respiratory
chain, which generates adenosine triphosphate for cellular energy
metabolism and produces ROS (20). At high concentrations, ROS
damage DNA, lipids, and proteins and, thus, cause oxidative stress,
one of the major factors implicated in aging and age-associated
diseases such as atherosclerosis, arthritis, and type 2 diabetes mel-
litus (21). On the other hand, at lower nontoxic levels, ROS serve as
signaling modifiers in various receptor pathways (22, 23). In
macrophages and mature osteoclasts, RANKL signaling increases
the intracellular level of ROS, which, in turn, modulate RANKL-
induced activation of NF-«kB, MAPKs, PI3K/AKT, and calcium
oscillations (24 —26). ROS are required for optimal osteoclastogen-
esis and bone resorption and evidently mediate the bone loss
caused by sex steroid deficiency (27, 28).

In the work reported here, we have elucidated that Steap4 is an
important endosomal ferrireductase in osteoclast lineage cells,
responsible for the conversion of ferric iron into ferrous iron for
cellular usage. Knocking down Steap4 expression in macrophages
inhibits osteoclast formation and decreases cellular ferrous iron
concentration, which, in turn, reduces mitochondria ROS produc-
tion and RANKL-induced CREB activation. Therefore, increased
Steap4 expression, working in concert with the up-regulated
Tf/TfR pathway identified previously, promotes cellular iron
uptake and utilization to cope with the increased iron demand
during osteoclast development and function.
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EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Commercially available antibod-
ies were as follows: mouse monoclonal anti-actin (GenScript);
mouse monoclonal anti-cathepsin K (clone 182-12G5, Milli-
pore); rabbit polyclonal anti-phospho-CREB (catalog no. 9191)
and rabbit monoclonal anti-total-CREB (catalog no. 4820) (Cell
Signaling Technology); rabbit polyclonal anti-EEA1 (Sigma-Al-
drich); mouse monoclonal anti-HA (Covance); mouse mono-
clonal anti-NFATc1 (catalog no. sc-7294, Santa Cruz Biotech-
nology); rabbit polyclonal anti-PGC-1f antibody (catalog no.
ab130741, Abcam); mouse monoclonal anti-human transferrin
receptor (Invitrogen); mouse monoclonal anti-a-tubulin (clone
DMI1A, Sigma-Aldrich); rabbit polyclonal anti-ERK1/2 and
mouse monoclonal anti-phospho-ERK1/2 (Thr-202/Tyr-204),
mouse monoclonal anti-AKT (pan) (clone 40D4) and rabbit
monoclonal anti-phospho-AKT (Ser-473) (clone 193H12), rab-
bit polyclonal anti-JNK and mouse monoclonal anti-phospho-
JNK (Thr-183/Tyr-185) (clone G9), and rabbit polyclonal anti-
IKB-a and mouse monoclonal anti-phospho-IKB-« (Ser-32/
36) (clone 5A5) (Cell Signaling Technology).

Cell Culture a-minimal essential medium (a-MEM) and
10 X penicillin-streptomycin-L-glutamine were purchased from
Invitrogen and Sigma-Aldrich, respectively. Fetal bovine serum
was purchased from Hyclone. Phen Green™ SK, diacetate (cata-
log no. P14313), and CM-H2DCFDA (catalog no. C6827) were
purchased from Molecular Probes. 2,2'-DPD (catalog no.
D216305) was purchased from Sigma-Aldrich. MitoSOX Red was
bought from Invitrogen.

Bone Marrow Macrophage and Osteoclast Cultures—Bone
marrow macrophages (BMM:s) were prepared as described previ-
ously (29). Briefly, whole bone marrow was isolated from tibiae and
femora of 8- to 10-week-old C57/BL6 mice. Bone marrow cells
were plated in @-10 medium (a-MEM, 10% heat-inactivated fetal
bovine serum, 1 X penicillin-streptomycin-L-glutamine solution)
containing 1/10 volume of CMG 14-12 (conditioned medium
supernatant containing recombinant M-CSF at 1 ug/ml) (30) in
Petri dishes. Cells were incubated at 37 °C in 5% CO,, 95% air for
45 days. Fresh media and CMG 14-12 supernatant were replaced
every the other day. Osteoclasts were generated after 5 days of
culture of BMMs with 1/100 volume of CMG 14-12 supernatant
and 100 ng/ml of recombinant RANKL.

Quantitative Real-time RT-PCR—BMMs were cultured in
6-well plates with M-CSF and/or RANKL for 5 days. Total RNA
was purified using an RNeasy mini kit (Qiagen) according to the
protocol of the manufacturer. First-strand cDNAs were synthe-
sized from 0.5-1 ug of total RNA using the high-capacity cDNA
reverse transcription kit (Invitrogen) following the instructions of the
manufacturer. TagMan quantitative real-time PCR was performed
using the following primers from Invitrogen: Steap (Mm00459097
ml), Steap2 (MmO00459312_ml), Steap3 (Mm01287243_ml),
Steap4 (Mm00475405_m1), Acadm (Mm01323360_gl), Acp5
(MmO00475698_m1), ATP5h (Mm00443967_gl), Calcr
(MmO00432282_m1), COX-I (Mm04225243_gl), COX-III
(MmO0422526_gl), COX-VIIal (MmO00438297 gl), Ctsk
(Mm00484039_m1), NFATcI (Mm00479445_m1), PGC-18
(Mm00504720_m1), TNFa (Mm00443260_g1), and Mrps2
(Mm03991065_g1). Samples were amplified using the StepOne-
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Plus real-time PCR system (Invitrogen) with an initial denatur-
ation at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 sand
60 °C for 1 min. The relative mRNA amounts were calculated by
normalizing to the mitochondrial gene Mrps2 mRNA, which is
steadily expressed in both BMMs and osteoclasts, using the ACt
method (31).

Lentivirus-mediated shRNA Expression—The LKO.1 lentivi-
ral vector expressing the shRNA sequence targeting mRNA of
murine Steap4 (TRCN0000249065/NM_054098.3—370s21c1)
(Steap4-shl) was purchased from Sigma-Aldrich. A second
Steap4-targeting shRNA (Steap4-sh2) pair, 5'-CCGGGCACA-
GAGAGCACTATGATTCCTCGAGGAATCATAGTGCTC-
TCTGTGCTTTTTG-3" and 5'-AATTCAAAAAGCACAGA-
GAGCACTATGATTCCTCGAGGAATCATAGTGCTCT-
CTGTGC-3', was synthesized (Integrated DNA Technologies)
and ligated into the Agel/EcoRI site of the LKO.1 vector. A
firefly luciferase sShARNA was used as a control (5'-GCTTACG-
CTGAGTACTTCGA-3"). 293-T cells were cotransfected with
aLKO.1 gene transfer vector and virus packaging vectors AH8.2
and VSVG by TransIT-LT1 transfection reagent (Mirus). Virus
supernatants were collected after 48 h of transfection. BMMs
were transduced with virus supernatant containing M-CSF
and 20 ug/ml of protamine (Sigma-Aldrich). Cells were then
selected in @-10 medium containing M-CSF and 6 ug/ml
puromycin (Sigma-Aldrich) for 3 days.

Retroviral Transduction of BMMs—The HA-tagged, full-
length murine Steap4 cDNA was amplified by PCR with Pfx
DNA polymerase (Invitrogen) using pCMV-SPORT6-Steap4
(clone ID 3500056, Thermal Open Biosystems) as a template.
The amplified cDNA was cloned into the pMX-IRES-BSR ret-
rovirus vector. The sequence was verified by DNA sequencing.
The recombinant retroviral vector was transfected into Plat E ret-
roviral packing cells using TransIT-LT1 transfection reagent.
Virus supernatant was collected at 48 h after transfection. BMMs
were transduced with virus for 24 h in a-10 medium containing
M-CSF and 20 pg/ml of protamine. Cells were then selected in
a-10 medium containing M-CSF and 1.5 ug/ml of blasticidin
(Calbiochem) for 3 days.

Tartrate-resistant Acid Phosphatase (TRAP) Staining and
TRAP Activity Assay—BMMs were cultured on a 48-well tissue
culture plate in a-10 medium with M-CSF and RANKL for 4 -5
days. The cells were fixed with 4% paraformaldehyde/PBS, and
TRAP was stained with NaK tartrate and naphthol AS-BI phos-
phoric acid (Sigma-Aldrich) as described previously (32).

For the measurement of TRAP activity, BMMs were cultured
on a 96-well tissue culture plate in a-10 medium M-CSF and
RANKL for 3—4 days. After washing twice in PBS, the cells were
fixed with ethanol and acetone (1:1) for 1 min. The cells were air-
dried at room temperature. 80 ul of 20 mm phosphatase substrate
and 80 mM tartaric acid in 0.09 M citrate buffer were added to each
well. After the cells were incubated for 15 min at room temper-
ature, the reaction was stopped by adding 20 ul of 0.1 N NaOH
to each well. The optical density at 405 nm was measured using
an iMark microplate reader (Bio-Rad) (33).

Immunoblotting—Cultured cells were washed twice with ice-
cold PBS and lysed in 1X radioimmune precipitation assay
buffer (Sigma-Aldrich) containing 1 mm DTT and Complete
Mini EDTA-free protease inhibitor mixture (Roche). After
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incubation on ice for 30 min, the cell lysates were clarified by
centrifugation at 14,000 rpm for 15 min at 4 °C. 10-30 ug of
total protein was subjected to 8% SDS-PAGE gels and trans-
ferred electrophoretically onto PVDF membrane by a semidry
blotting system (Bio-Rad). The membrane was blocked in 5%
fat-free milk/Tris-buffered saline for 1 h and incubated with
primary antibodies at 4 °C overnight, followed by secondary
antibodies conjugated with horseradish peroxidase (Santa Cruz
Biotechnology). After rinsing three times with Tris-buffered
saline containing 0.1% Tween 20, the membrane was subjected
to Western blot analysis with enhanced chemiluminescent
detection reagents (Millipore).

Immunofluorescence—Immunofluorescence was performed
as described previously (34). In brief, cells grown on glass cov-
erslips on a 24-well plate were fixed with 4% paraformaldehyde
in PBS for 20 min, followed by permeabilization and blocking in
PBS/0.2% BSA/0.1% saponin for 30 min. The cells were then
incubated with primary antibodies in PBS/0.2% BSA/0.1% sap-
onin for 2 h. Primary antibody labeling was visualized using
fluorescent dye-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories Inc.) in PBS/0.2% BSA/0.1%
saponin for 45 min. F-actin was stained with Alexa Fluor 488
phalloidin (Invitrogen). The nucleus was labeled with Hoechst
33258. Samples were mounted with 80% glycerol/PBS. Immu-
nofluorescence-labeled cells were observed using a Carl Zeiss
fluorescence microscope equipped with a charge-coupled
device camera.

Measurement of Cellular and Mitochondrial ROS—BMMs
were cultured with M-CSF and RANKL for 3 days. 10 um of
dichlorodihydrofluorescein was added to the culture medium and
then incubated for 30 min. The cells were washed twice with PBS.
The released fluorescent 7-amino-4-trifluoromethylcoumarin
was measured by a microplate fluorescence reader Synergy 2
(BioTek Instruments) with excitation/emission wavelengths of
485/528 nm, respectively, and recorded by Gene 5 software (35).
Mitochondrial ROS was stained with 5 um MitoSOX Red for 10
min, followed by washing three times with Hanks’ buffer. Fluores-
cence intensity was measured by a microplate fluorescence reader
Synergy 2 with excitation/emission wavelengths of 510/580 nm,
respectively.

Measurement of Intracellular Labile [ron—BMMs were cul-
tured in a-10 medium with M-CSF and RANKL for 3 days. The
cells were rinsed twice with prewarmed a-MEM. The cells were
loaded with PG SK (20 um) for 10 min at 37 °C in a-MEM. After
rinsing with «-MEM, 10 mm of 2,2-dipyridyl (2,2'-DPD) was
added. Cellular fluorescence was recorded by Gene 5 software
at the indicated time points using a microplate fluorescence
reader Synergy 2 with excitation/emission wavelengths of 485/
528 nm, respectively (36).

Statistics—Data of two-group comparisons were analyzed
using two-tailed Student’s ¢ test. For all graphs and in the text,
data are represented as mean *= S.D.

RESULTS

Steap4 mRNA Expression Increases during Osteoclast Differ-
entiation—In search of molecules regulating osteoclast iron
metabolism, we performed a real-time PCR experiment to
examine the expression of Steap family members during oste-
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oclast differentiation. As shown in Fig. 1, Steapl and Steap2 Knockdown of Steap4 Expression in Macrophages Markedly
mRNAs were undetectable in osteoclast lineage cells. Steap3, Inhibits Osteoclast Formation—To unravel the role of Steap4 in
which is essential for iron metabolism in erythroid cells (14), osteoclast biology, we proceeded to knock down its expression
was constantly expressed in BMMs, preosteoclasts, and mature  in osteoclast lineage cells by lentiviral transduction of shRNAs
osteoclasts. Although Steap4 mRNA was undetected in BMMs, (Steap4-shl and Steap4-sh2), specifically targeting Steap4
its expression was up-regulated during osteoclast differentia- MRNA in BMMs. A shRNA-targeting firefly luciferase (Luc-sh)

tion, reaching its highest level in mature cells. This result ~Was used as a negative control. Positively transduced BMMs
were then cultured with M-CSF and RANKL, and the mRNA

levels of Steap4 in BMMs, preosteoclasts (pOCs), and mature
osteoclasts (OCs) were measured by real-time PCR. As shown
in Fig. 24, Steap4 shRNAs potently inhibited Steap4 expression
in pOCs and OCs without changing the expression levels of the

strongly suggests that Steap4 might be functionally important
in osteoclast formation and/or function.

40, 0 BMM other three Steap proteins (Fig. 2B). Decreased Steap4 expres-
D m pOC seved sion resulted in markedly reduced osteoclast formation as
§* a0 m OC compared with Luc-sh-transduced cells, as evidenced by the
= decrease of multinucleated cells staining positively for TRAP,
2 an osteoclast differentiation marker (Fig. 2C). This finding was
S 20 confirmed by quantitative measurement of TRAP activity (Fig.
S . .
= 2D). This measurement correlates well with the osteoclast
: number in osteoclast cultures (33). Moreover, the expression of
E 10 osteoclast marker genes, cathepsin K (encoded by Ctsk), TRAP
g S (encoded by AcpS5), calcitonin receptor (encoded by Calcr), and
0 el NFATc1 (encoded by Nfatcl), as measured by real-time quan-
Steapl ~ Steap2  Steap3  Steap4 titative PCR, was reduced significantly in Steap4 down-regu-

FIGURE 1. The expression of Steap4 increases during osteoclast differen- lated pQCs and OCs a§ compared W%th Contro! cells (Flg‘ 3A).
tiation. Total RNAs were purified from three independent cultures of BMMs, Accordmgly, RANKL-induced protein expression of NFATcl
pOCs, and OCs, respectively. Quantitative real-time RT-PCR analysis of the  and cathepsin K was greatly reduced in Staep4-deficient oste-

expression of Steap family proteins during osteoclast differentiation was per- . ..
forpmed using Taql‘\)/Ian as);gy primers frogm Invitrogen. **, p < 0.01; ***z ~ oclast precursor cells (Fig. 3B). Taken together, these data indi-

0.001 versus BMMs by Student's t test. cate that Steap4 plays a critical role in osteoclastogenesis.
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FIGURE 2. Knockdown of Steap4 expression markedly inhibits osteoclast formation. A, BMMs were transduced with recombinant lentiviruses expressing
a control shRNA targeting firefly luciferase (LUC-sh) or two Steap4-targeting shRNAs (Steap4-sh1 and Steap4-sh2), respectively. After selection with 6 ug/ml
puromycin for 3 days, the cells were cultured with M-CSF alone (BMM) or M-CSF plus RANKL for 2 (pOC) and 5 days (OC). Total RNAs were isolated from three
independent cultures of each group. Quantitative real-time RT-PCR analysis of the expression of Steap4 was performed. **, p < 0.01; ***, p < 0.001 versus
LUC-sh by Student’s t test. B, lentivirus-mediated transduction of a shRNA targeting Steap4 mRNA (Steap4-sh1) specifically and dramatically inhibits Steap4
expression without changing the expression levels of the other three Steap proteins. A shRNA targeting firefly luciferase was used as a negative control. The
total RNAs were isolated from three independent cultures of each group for quantitative real-time RT-PCR analysis. C, lentivirus-transduced BMMs were
cultured with M-CSF and RANKL for 5 days. The cells were fixed and stained for TRAP. Scale bar = 20 um. D, decreased Steap4 expression resulted in markedly
reduced osteoclast formation as compared with control cells, as demonstrated by TRAP activity assay. n = 6. ***, p < 0.001 versus LUC-sh by Student'’s t test.
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FIGURE 3. Loss of Steap4 inhibits mRNA and protein expression of osteoclast markers. A, mRNA expression of the osteoclast marker genes cathepsin K
(encoded by Ctsk), TRAP (encoded by Acp5), calcitonin receptor (encoded by Calcr), and NFATc1 (encoded by Nfatc) was measured by quantitative real-time
PCR using TagMan assay primers from Invitrogen. n = 3. **, p < 0.01; *** p < 0.001 versus LUC-sh by Student’s t test. B, lentivirus-transduced BMMs were
cultured with 30 ng/ml M-CSF for 1 day, and then the cells were stimulated with 200 ng/ml RANKL for 0, 24, and 48 h. The protein expression of NFATc1 and
cathepsin K was detected by Western blot analyses. Tubulin served as a loading control.

A. F-actin Steap4-HA Nuclei Overlay

pMX----

pMX
-Steap4-HA

pMX

pMX
-Steap4-HA

FIGURE 4. Steap4 is predominantly localized at recycling endosomes in osteoclast lineage cells. BMMs were transduced with a recombinant retrovirus
expressing a HA-tagged murine Steap4 and were cultured with M-CSF and RANKL for 4 days before fixation. A, the localization of HA-tagged Steap4 was
detected by monoclonal or polyclonal anti-HA antibodies. Filament actin was labeled by Alexa Fluor 488 phalloidin. A large portion of Steap4 was associated
with punctate membrane structures in the cytoplasm and surrounding the nuclei in both mononuclear osteoclast precursor cells and multinucleated mature
cells. B, Steap4 was observed to partially colocalize with TfR1 at recycling endosomes (shown in yellow in the inset of the overlay image). The empty vector
(pMX)-transduced cells served as negative controls of the staining. Scale bars = 10 um.

Steap4 Is Partially Colocalized with Transferrin Receptor at  Steap4 antibody available for immunofluorescent staining of
Recycling Endosomes in Osteoclasts—Steap4 is localized at the endogenous Steap4, we expressed the C terminus HA-tagged
plasma membrane as well as endosomes in adipocytes, epithelial murine Steap4 in BMMs by retroviral transduction. Positively
cells, and hematopoietic cells (13, 37). We sought to examine its  transduced BMMs were cultured with M-CSF and RANKL for
distribution in osteoclasts. Because there is no high-quality anti- 4 days before fixation. The localization of HA-tagged Steap4
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Overlay

FIGURE 5. Steap4 is not localized at early endosomes. BMMs were transduced with a recombinant retrovirus expressing HA-tagged murine Steap4 and
cultured with M-CSF and RANKL for 2 days before fixation. The localization of HA-tagged Steap4 and the early endosome marker EEA1 was detected by mouse
monoclonal anti-HA (Covance) and rabbit polyclonal anti-EEA1 (Sigma-Aldrich) antibodies, respectively. Overexpressed Steap4 is not colocalized with EEA1 at
early endosomes. The empty vector (pMX)-transduced cells served as negative controls of the staining. Scale bar = 10 um.

was detected by monoclonal or polyclonal anti-HA antibodies.
As shown in Fig. 4, A and B, a large portion of Steap4 was
associated with punctate membrane structures in the cyto-
plasm and surrounded the nuclei in both mononuclear oste-
oclast precursor cells and multinucleated mature cells. To char-
acterize the identity of these Steap4-positive organelles in
osteoclast lineage cells, we performed dual immunostaining of
Steap4 and TfR1, which has been shown to partially colocalize
with Steap4 in other cell types and is a marker of recycling
endosomes in osteoclasts (13). A high degree of colocalization
(shown in yellow in the overlay image in Fig. 4B) of Steap4
and TfR1 was observed at perinuclear recycling endosomes.
Overexpression of Steap4 in pOCs did not show to colocalize
with the early endosomal marker, EEA1, at both peripheral
and perinucleic regions (Fig. 5). These findings indicate that
Steap4 resides predominantly in endosomes and may func-
tions as a ferrireductase in osteoclast lineage cells as it does
in other cells.

Down-regulation of Steap4 Expression Decreases Intracellu-
lar Iron/ROS Levels in Osteoclast Precursors—The bulk of intra-
cellular iron is bound to proteins and enzymes, but there exists
a small transition pool of chelatable iron, also called labile iron,
within mammalian cells. This proportion of intracellular labile
iron constitutes a balance between iron uptake and intracellular
iron utilization/storage (38). Iron ions in this transition pool, in
which ferrous iron is the major form, is capable of catalyzing
H,0, and generating highly reactive oxygen species, such as the
hydroxyl radical (39). To determine whether Steap4 regulates
intracellular iron metabolism in osteoclasts, we adopted a non-
radioactive method of detecting intracellular chelatable iron
using the fluorescent probe PG SK (36). Control and Steap4-
deficient BMMs were cultured with M-CSF and RANKL for 3
days. Preosteoclasts were then loaded with PG SK, the fluores-
cence of which is quenched by intracellular ferrous iron, fol-
lowed by an incubation with the membrane-permeable transi-
tion metal chelator 2,2’-DPD. In this system, fluorescence
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FIGURE 6. Down-regulation of Steap4 expression decreases intracellular
iron/ROS levels. A, the cellular labile iron level in pOCs was reflected by the
intensity of PG SK fluorescence followed by 2,2"-DPD treatment for the indi-
cated times. n = 6. B, the cellular ROS level in lentivirus-transduced pOCs was
detected using dichlorodihydrofluorescein as a probe. n = 6. The fluores-
cence intensity was measured by a microplate fluorescence reader Synergy 2
with excitation/emission wavelengths of 485/528 nm, respectively, and
recorded by Gene 5 software. C and D, the level of mitochondrial ROS in
lentivirus-transduced pOCs was detected using MitoSOX Red by fluorescent
microscope (C) and a fluorescent microplate reader (D) with excitation/emis-
sion wavelengths of 510/580 nm, respectively. **, p < 0.01; ***, p < 0.001
versus LUC-sh by Student’s t test. Scale bar = 20 um. mROS, mitochondrion-
derived ROS. a.u., arbitrary units.

increases because of the removal of cellular iron from PG SK by
2,2"-DPD, and changes in fluorescence intensity, detected by a
fluorescent microplate reader, correlate well with the levels of
intracellular iron (36). Using this method, we found that down-
regulation of Steap4 expression in osteoclast precursors led to a
greater than 50% reduction in ferrous iron level (Fig. 64). More-
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shRNA (LUC-sh) or two Steap4-targeting shRNAs (Steap4-sh1 and Steap4-sh2), respectively. After puromycin selection for 3 days, the cells were cultured with
M-CSF alone (BMM) or M-CSF plus RANKL for 2 (pOC) and 5 days (OC). The total RNAs were isolated from three independent cultures of each group. Quantitative
real-time RT-PCR analysis of the expression of PGC-1 (encoded by Ppargc1b) and mitochondrial genes in BMMs, pOCs, and OCs was performed using TagMan
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over, consistent with an important role of cellular iron in ROS
production in osteoclast precursor cells, knockdown of Steap4
caused a decrease in cellular and mitochondrial ROS in preos-
teoclasts as compared with the control cells (Fig. 6, B-D).
Loss of Steap4 Attenuates CREB Activation and Mitochon-
drion Gene Expression in Osteoclasts—Because ROS regulate
the phosphorylation and activation of CREB (8), we next exam-
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ined the phosphorylation status of CREB in shRNA-treated
cells. CREB activation was abrogated by the absence of Steap4
in osteoclasts cultured with RANKL (Fig. 7A). Decreased CREB
activation resulted in a significant decline in mRNA and protein
expression of PGC-1 (Figs. 7B and 8). Accordingly, the mRNA
expression of the mitochondrial genes COX-I, COX-III,
ATP5b, and COX-VIla, known downstream target genes of
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FIGURE 9. Overexpression of Steap4 in BMMs slightly inhibits osteoclast formation. A, BMMs were transduced with recombinant retroviruses expressing
an empty vector (pMX) or HA-tagged murine Steap4 (pMX-Steap4-HA). After 3 days of selection with blasticidin, the cells were cultured with either M-CSF alone
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PGC-1B (8, 9), in preosteoclasts and mature osteoclasts was
decreased (Fig. 8). In contrast, lowering cellular iron/ROS had
minor effects on M-CSF-induced ERK/AKT- and RANKL-
stimulated NF-kB/JNK activation (Fig. 7, C and D).
Nonetheless, overexpression of Steap4 in osteoclast precur-
sors did not increase cellular iron nor did it accelerate oste-
oclast differentiation. Instead, overexpression of Steap4 in
BMMs, which normally do not express Steap4, slightly inhib-
ited osteoclast formation, as evidenced by decreased TRAP
staining and the mRNA abundance of several osteoclast marker
genes (Fig. 9, A-C). The most likely explanation for this seem-
ingly incongruent finding is that in BMMs and pOCs, Steap4
and/or Steap3 are sufficient to meet the iron uptake demands.
Interestingly, Steap4 overexpression also induced an iron-inde-
pendent reduction in mRNA expression of TNF, a pivotal
inflammatory cytokine that synergistically enhances RANKL-
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induced osteoclast differentiation in vitro and in vivo (40).
Therefore, it is likely that the decreased TNF expression in
Steap4-overexpressing osteoclast lineage cells contributed to
the attenuation of osteoclast differentiation. Future work will
be required to determine whether Steap4 plays a role in bone
homeostasis in vivo. Notably, global deletion of Steap4 in mice
causes overt inflammation and glucose deregulation, but the
skeletal phenotype of this mouse model has not been examined
(19).

DISCUSSION

Iron uptake via the Tf cycle, in concert with PGC-1p, regu-
lates mitochondrial biogenesis, ROS production, and CREB
activation during osteoclastogenesis (8). However, the molecu-
lar mechanisms controlling cellular iron metabolism in oste-
oclasts remain largely unknown. A rate-limiting step in intra-
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cellular iron trafficking and utilization is the reduction of ferric
iron to ferrous iron, which is carried out by Steap family pro-
teins (11). Three of four family members, Steap2, Steap3, and
Steap4, are ferrireductases and cupric reductases that stimulate
cellular uptake of both iron and copper in mammalian cells
(13). Relative to Steap2 and Steap3, Steap4 is highly expressed
in bone marrow and has the highest metalloreductase activities
(13). The results of this work have elucidated that expression of
Steap4 is up-regulated during osteoclast differentiation. By
contrast, knockdown of Steap4 expression in osteoclast precur-
sor cells markedly inhibited osteoclast differentiation. This was
associated with lower intracellular iron and ROS levels and led
to the attenuation of CREB activation. Moreover, in line with
previous reports (8, 9), induction of PGC1-B/mitochondrial
mRNA expression, two downstream pathways regulated by
CREB, were also attenuated by knockdown of Steap4. Our work
also revealed that Steap2 is not expressed in osteoclast lineage
cells and that the expression of Steap3 is constant but at lower
levels than that of Steap4. Therefore, Steap4 must be the critical
endosomal ferrireductase for osteoclast differentiation. On the
basis of these findings, we have concluded that Steap4, in con-
junction with the Tf/TfR pathway, promotes cellular iron
uptake and utilization required for osteoclast development and
function (Fig. 10). These data strongly suggest that Steap4 plays
an essential role in regulating cellular iron metabolism, ROS
production, and CREB/PGC-1 3 activation in osteoclast pre-
cursors and mature cells.

Lee and co-workers (26) have reported that RANKL stimu-
lation of osteoclast precursor cells activates the Racl/NADPH
oxidase (Nox) pathway and, therefore, enhances ROS produc-
tion. This, in turn, plays a crucial role in RANKL-induced acti-
vation of MAPKs (ERK, JNK, and p38), NF-«B, and the PI3K/
AKT pathways (26). We show here that down-regulation of
Steap4 expression in osteoclast lineage cells dramatically
decreased iron/ROS levels and markedly inhibited osteoclast
differentiation. However, the decrease in ROS caused by iron
deficiency in osteoclast precursors in this work had minor
effects on canonical RANKL signaling. Instead, it dramatically
decreased CREB activation and PGC-1f expression. The differ-
ence in the effects of ROS on RANKL signaling in our study
versus the studies by Lee et al. (24, 26) most likely reflects dis-
tinct subcellular sites of ROS generation (e.g. mitochondria ver-
sus plasma membrane, respectively). In support of this notion,
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Steap4 deficiency causes a decline in mitochondria-derived
ROS to a similar degree as total cellular ROS (Fig. 6, B and D).
Specifically, generation of ROS by the Racl/Nox pathway
occurs near the plasma membrane and, thus, it might modulate
proximal events of the RANKL/RANK signaling pathways. On
the other hand, the cellular iron level is critical for mitochon-
drial biogenesis and function. Hence, a decrease in ROS as a
result of iron deficiency may result from the decrease of mito-
chondrion-derived ROS, which affect the distal components of
RANKL/RANK signaling, ie the calmodulin-dependent
kinase/CREB pathway. Consistent with this scenario, loss of
calmodulin-dependent kinase IV and Tmem65 in osteoclast
precursors inhibits CREB activation and osteoclast differentia-
tion without changing RANKL-induced ERK, JNK, and NF-xB
activation (6, 41). Future studies will be required to delineate
the differential roles of Nox-induced ROS and mitochondria-
derived ROS in osteoclast differentiation and function.

It has been long recognized that iron overload causes loss of
bone mass and fractures in patients with hemochromatosis,
hemosiderosis, thalassemia, and sickle cell disease (42). Iron
accumulation and toxicity are also major side effects of chronic
red blood cell transfusion in patients with congenital or
acquired anemia (43). The adverse effects of iron overload on
bone have been attributed to an imbalance in bone remodeling
caused by an increase in osteoclastic bone resorption and a
decrease in osteoblastic bone formation because of an increase
in oxidative stress (28, 44, 45). In support of a role of ROS as
critical culprits in these pathologic conditions, the results of
this work, along with the work of Ishii et al. (8), indicate that
Steap4 and the Tf/TfR pathway are indeed essential for iron
uptake and utilization during osteoclastogenesis because of
their ability to stimulate mitochondrial biogenesis/function
and ROS production. ROS, in turn, activate the calmodulin-de-
pendent kinase/CREB pathway and enhance osteoclast differ-
entiation and function in response to RANKL. In another work
of ours, we have elucidated that, in contrast to the requirement
of ROS for osteoclastogenesis, oxidative stress suppresses
osteoblast differentiation and bone formation by inducing
FoxO transcription factors, which bind to and divert B-catenin
from canonical Wnt signaling (46, 47). Taking these lines of
evidence together, we submit that decreased ROS production
in general, and targeting Steap4 and/or components of the
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Tf/TR pathway in particular, may represent rational therapeu-
tic strategies for bone diseases caused by iron overload.
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