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TRP14 Inhibits Osteoclast Differentiation via Its Catalytic Activity
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We previously reported the inhibitory role of thioredoxin-related protein of 14 kDa (TRP14), a novel disulfide reductase, in nu-
clear factor-kB (NF-kB) activation, but its biological function has remained to be explored. Here, we evaluated the role of TRP14
in the differentiation and function of osteoclasts (OCs), for which NF-kB and cellular redox regulation have been known to be
crucial, using RAW 264.7 macrophage cells expressing wild-type TRP14 or a catalytically inactive mutant, as well as its small in-
terfering RNA. TRP14 depletion enhanced OC differentiation, actin ring formation, and bone resorption, as well as the accumu-
lation of reactive oxygen species (ROS). TRP14 depletion promoted the activation of NF-kB, c-Jun NH,-terminal kinase, and
P38, the expression of c-Fos, and the consequent induction of nuclear factor of activated T cell, cytoplasmic 1 (NFATc1), a key
determinant of osteoclastogenesis. However, pretreatment with N-acetylcysteine or diphenylene iodonium significantly reduced
the OC differentiation, as well as the ROS accumulation and NF-kB activation, that were enhanced by TRP14 depletion. Further-
more, receptor activator of NF-kB ligand (RANKL)-induced ROS accumulation, NF-kB activation, and OC differentiation were
inhibited by the ectopic expression of wild-type TRP14 but not by its catalytically inactive mutant. These results suggest that
TRP14 regulates OC differentiation and bone resorption through its catalytic activity and that enhancing TRP14 may present a

new strategy for preventing bone resorption diseases.

delicate balance between bone resorption by osteoclasts

(OCs) and bone formation by osteoblasts is critical for bone
homeostasis (1). Many bone diseases, such as osteoporosis and
rheumatoid arthritis, are caused by excessive OC activity, which
leads to increased bone resorption (2). An OC is a multinucleated
giant cell derived from the hematopoietic lineage (3). Receptor
activator of nuclear factor kB (NF-«kB) ligand (RANKL), also
known as tumor necrosis factor (TNF)-related activation-induced
cytokine (4), osteoclast differentiation factor (5), and osteoprote-
gerin ligand (6), is an essential molecule for OC differentiation.
RANKL stimulates morphological changes, cell survival, and os-
teolytic activity in OCs in cooperation with macrophage colony-
stimulating factor (7).

Binding of RANKL to its receptor, RANK, induces the recruit-
ment of TNF receptor-associated factor 6 (TRAF6), which in turn
activates NF-kB and mitogen-activated protein kinase (MAPK)
pathways, leading to the expression of c-Fos and nuclear factor of
activated T cell, cytoplasmic 1 (NFATc1) (8—11). Previous studies
have shown that c-Fos and NFATc1 play crucial roles in OC dif-
ferentiation and in bone resorption and that NFATc1 is the down-
stream target of c-Fos during osteoclastogenesis (12—17).

Thioredoxin (Trx)-related protein of 14 kDa (TRP14) is a
novel disulfide reductase with two active-site Cys residues in its
WCPDC motif, which is comparable to the WCGPC motif of Trx
(18). TRP14 was shown to inhibit NF-«kB in TNF-a signaling, and
dynein light chain LC8 was identified as its potential target by a
catalytic mechanism-based substrate trapping method (19). LC8
was subsequently shown to mediate redox regulation of NF-kB by
preventing IkBa phosphorylation by IkBa kinase through redox-
dependent interaction with IkBa (20, 21). TRP14 was suggested
to contribute to the regulation of NF-kB activation by facilitating
the reduction of LC8 (20, 21).

Several genetic studies have shown that NF-kB and MAPKs are
essential for RANKL-induced OC differentiation (22-25). Grow-
ing evidence suggests that RANKL induces transient production
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of reactive oxygen species (ROS) that mediate OC differentiation,
and activation of NF-kB and MAPKs is regulated by cellular redox
change (26-30). We recently showed that LC8 inhibits RANKL-
induced OC differentiation by suppressing NF-kB and prevents
inflammation-induced bone erosion (31). Thus, we sought to
evaluate whether a novel cellular redox regulator, TRP14, regu-
lates RANKL-induced activation of NF-kB and MAPKs and sub-
sequent osteoclast differentiation by using RAW 264.7 macro-
phage cells with ectopic expression of wild-type TRP14 and a
catalytically inactive mutant, as well as its small interfering RNA.
Our results suggest that TRP14 inhibits OC differentiation and
bone resorption through its catalytic activity and that the en-
hancement of TRP14 may be a new strategy for preventing the
bone diseases caused by excessive OC activity.

MATERIALS AND METHODS

Reagents and antibodies. Human recombinant RANKL was purchased
from PeproTech, Inc. An antibody specific for TRP14 has been described
previously (18). Rabbit polyclonal antibodies against phosphorylated
IkBa (phospho-IkBa), phospho-c-Jun NH,-terminal kinase (phospho-
JNK), phospho-extracellular-signal-regulated kinase (phospho-ERK),
and phospho-p38 were purchased from Cell Signaling Technology. Rab-
bit polyclonal antibodies against IkBa, JNK1, p38, c-Fos, c-Jun, and
TRAF6 and mouse monoclonal antibodies against a-tubulin, TATA-
binding protein (TBP), ERK2, and NFATcl were purchased from Santa
Cruz Biotechnology, Inc. Rabbit polyclonal antibodies against -actin

Received 28 February 2014 Returned for modification 30 March 2014
Accepted 30 June 2014

Published ahead of print 7 July 2014

Address correspondence to Woojin Jeong, jeongw@ewha.ac.kr.

S.H.and J-EH. contributed equally to this work.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00293-14

mcb.asm.org 3515


http://dx.doi.org/10.1128/MCB.00293-14
http://mcb.asm.org

Hong et al.

TABLE 1 Sequences of real-time PCR primers and amplicon sizes of PCR products

Gene product® Primers (sense, antisense) Amplicon length (bp)
TRP14 5'-CCGCAGTGCCTACACTAC-3', 5'-TCTCCACAAGGCTGGATTG-3’ 81

SOD2 5'-ATTAACGCGCAGATCATGCA-3', 5'-TGTCCCCCACCATTGAACTT-3’ 161

COX2 5'-GATCATAAGCGAGGACCTG-3', 5'-GTCTGTCCAGAGTTTCACC-3’ 85

c-Fos 5'-GAGAAACGGAGAATCCGAAG-3', 5'-GAGAAACGGAGAATCCGAAG-3’ 97

TRAF6 5'-GTGGAGTTTGACCCACCTCT-3', 5'-TGCATCCCTTATGGATTTGA-3' 132

NFATcl 5'-CTTCAGCTGGAGGACACC-3', 5'-CCAATGAACAGCTGTAGCG-3’ 79

CK 5'"-ACCACTGCCTTCCAATACG-3', 5'-CGTGGCGTTATACATACAAC-3’ 929

MMP9 5'-AGACGACATAGACGGCATC-3', 5'-TGCTGTCGGCTGTGGTTC-3’ 97

B-Actin 5'-ACCCTAAGGCCAACCGTG-3’, 5'-GCCTGGATGGCTACGTAC-3’ 81

% SOD2, superoxide dismutase 2; COX2, cyclooxygenase 2; CK, cathepsin K; MMP9, matrix metalloprotease 9.

and NF-kB p65 were purchased from Abcam and Millipore, respectively.
N-acetylcysteine (NAC) and diphenylene iodonium (DPI) were pur-
chased from Sigma-Aldrich.

Construction of TRP14-specific sShRNA expression vectors. Three
small hairpin RNAs (shRNAs) that target mouse TRP14 mRNAs were
based on nucleotides 105 to 123 (5'-GGA TAC CGA AGG GAA GAG
C-3'), 145 to 163 (5'-GCT GAG CCA GTC ATT CGA G-3'), and 268 to
286 (5'-ATA ACC GCA GTG CCT ACA C-3"), respectively, relative to the
translation start site. Each 64-bp duplex DNA, containing the TRP14 tar-
geting sequence, which is the 19-bp sequence of the target transcript sep-
arated by a short spacer from the reverse complement of the same se-
quence plus five thymidines as the termination signal, was cloned into the
BglII and HindIIT sites of the pSUPER vector (32). Of the resulting plas-
mids, pPSUPER-mTRP14-2 was digested with EcoRI and HindIII, and the
remaining 309-bp DNA fragment was cloned into the corresponding sites
of the pSuperior.puro vector that harbors the puromycin resistance gene.
The resulting plasmid, pSuperiorpuro-mTRP14, was used for establishing
the cells that stably express TRP14 shRNA.

Cloning and mutagenesis of mouse TRP14. The DNA sequence en-
coding mouse TRP14 was amplified by PCR from RAW 264.7 cDNA with
a forward primer (5'-CG GAATTC ATG GCC ACC TTC GAG GAG
GTG-3'), containing both an EcoRI site (underlined) and the initiation
codon (italicized), and a reverse primer (5'-GC CTCGAG TTA ATCTTC
AGA GAA GAT CAT CTC C-3'), containing both an Xhol site (under-
lined) and the stop codon (italicized). The PCR product was purified,
digested with EcoRI and Xhol, and cloned into the corresponding sites of
the pCR3.1 vector. The resulting plasmid, pCR-mTRP14, was used as a
template for mutagenesis. The mutant TRP14-C43S, in which Cys* is
replaced by serine, was generated by QuikChange II XL site-directed mu-
tagenesis (Stratagene) with complementary primers containing a 1-bp
mismatch which converts the codon for cysteine to one for serine.

Establishment of stable RAW 264.7 cells. RAW 264.7 murine macro-
phages were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and were
incubated at 37°Cin 5% CO,. To silence the expression of TRP14, the cells
were transfected with pSuperior.puro-mTRP14 vector using a Nucleofec-
tor kit V (Amaxa) according to the manufacturer’s protocol. For ectopic
expression of TRP14, the cells were transfected with pCR-mTRP14 or
pCR-mTRP14-C43S vectors. Forty-eight hours after transfection, the me-
dium for cells transfected with pSuperior.puro-mTRP14 was replaced
with fresh medium containing 1.5 pg/ml puromycin (Sigma) or 1 mg/ml
G418 (A.G. Scientific, Inc.) for cells transfected with pCR-mTRP14 or
pCR-mTRP14-C43S. The antibiotic-resistant clones stably transfected
with the corresponding vectors were isolated and subjected to Western
blot analysis to measure the abundance of TRP14.

OC differentiation and tartrate-resistant acid phosphatase staining.
RAW 264.7 cells were loaded onto a 48-well plate and were treated for 3 to
5 days with 100 ng/ml RANKL in a-minimal essential medium (a-MEM)
supplemented with 10% fetal bovine serum. The cells were washed twice
with 1X phosphate-buffered saline (PBS), fixed for 10 min with 4% para-
formaldehyde, and stained for tartrate-resistant acid phosphatase (TRAP)
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using a leukocyte acid phosphatase cytochemistry kit (Sigma-Aldrich)
according to the manufacturer’s instructions. TRAP-positive multinucle-
ated cells (TRAP* MNCs) containing three or more nuclei were counted
as OCs under a light microscope.

Actin ring staining. After OC differentiation, the cells were fixed with
3.7% formaldehyde solution in PBS, permeabilized with 0.1% Triton
X-100, and incubated with Alexa Fluor 488-phalloidin (Invitrogen) for 20
min. After washing with PBS, cells were incubated with 4',6-diamidino-
2-phenylindole (Roche) for 2 min and were photographed under a fluo-
rescence microscope.

Bone resorption assay. Cells were plated onto dentine discs (Immu-
nodiagnostic Systems) and treated with 100 ng/ml RANKL for 9 days. The
cells were completely removed from the dentine discs via abrasion with a
cotton tip, and the dentine discs were stained with hematoxylin. Photo-
graphs of the resorption pits were obtained under a light microscope
at X40 magnification, and the areas were measured using Image-Pro Plus
4.5 software (Media Cybernetics).

Determination of intracellular ROS. Cells were washed with a-MEM
lacking phenol red and then incubated in the dark for 5 min with 5 pM
5-(and-6-)chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate (Mo-
lecular Probes). The cells were collected by using scrapers and analyzed using
a FACSCalibur flow cytometer (BD Biosciences).

Nuclear fractionation. RAW 264.7 cells grown on 60-mm dishes were
washed with ice-cold PBS, scraped into 500 .l of buffer A (10 mM HEPES,
1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol [DTT], 0.05% NP-40,
pH 7.9) containing a cocktail of protease inhibitors, and incubated on ice
for 5 min. After centrifugation at 8,000 rpm for 5 min at 4°C, the super-
natant was kept as the cytosolic fraction. The precipitate was resuspended
in 50 pl of buffer B (5 mM HEPES, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5
mM DTT, 26% glycerol, pH 7.9) containing a cocktail of protease inhib-
itors and incubated on ice for 30 min. After centrifugation at 14,000 rpm
for 30 min at 4°C, the resulting supernatant was used as the nuclear frac-
tion.

RNA isolation, reverse transcription, and real-time PCR analysis.
Total RNA was isolated using the TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions and quantified by measurement of
absorbance at 260 nm. Total RNA (2 u.g) was incubated in a volume of 15
! containing 0.5 pg of oligo(dT) primers at 70°C for 5 min and cooled
immediately on ice. The first-strand cDNA was synthesized in a final
volume of 25 pl, containing 200 units of Moloney murine leukemia virus
(MMLV) reverse transcriptase (Promega), 24 units of RNase inhibitor,
and 0.25 mM each deoxynucleoside triphosphate (ANTP) for 1 h at 42°C,
followed by enzyme inactivation at 70°C for 10 min. A 0.8-p.l aliquot of
diluted (1:2.5) cDNA template was amplified in a final volume of 20 pl,
containing 10 pl of 2)X SYBR green PCR master mix and 1 pl of each
gene-specific primer at 10 M using an ABI 7300 real-time PCR system
(Applied Biosystems). The primer sequences are shown in Table 1. The
amplification protocol consisted of an initial step of 2 min at 50°C and 2
min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
Melting curve analysis and agarose gel electrophoresis were performed to
ensure a single PCR product of the correct amplicon length. The level of
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FIG 1 Augmentation of RANKL-induced OC differentiation in TRP14-depleted cells. (A) NIH 3T3 cells were transfected for 60 h with empty vector (Mock) or
one of three mouse TRP14 shRNA expression vectors (pPSUPER-mTRP14-1, -2, and -3) by using FuGene6, and the cell lysates were subjected to immunoblot
analysis using antibodies specific for TRP14 and B-actin. (B) RAW 264.7 cells were transfected with either an empty vector or pSuperior.puro-mTRP14 using an
Amaxa transfection kit (reagent V) according to the manufacturer’s manual. After 60 h, the cells were incubated in medium containing 1.5 pug/ml puromycin, and
puromycin-resistant clones were isolated and subjected to immunoblot analysis using antibodies specific for TRP14 and B-actin. (C) RAW 264.7 cells stably
transfected with either empty vector or pSuperior.puro-mTRP14 (line 7) were treated with 100 ng/ml of RANKL. At the indicated times, cells were stained with
TRAP solution (left), and TRAP-positive multinucleated cells containing more than 3 nuclei (TRAP™ MNCs) were counted (right). Scale bars, 200 um. Data

represent means * SD (n = 3). *, P < 0.05; **, P < 0.005.

each mRNA was normalized to the level of actin mRNA as an internal
control gene.

TRAP activity assay. After OC differentiation on a 96-well plate, the
cells were lysed in 120 wl of 100 mM sodium acetate buffer (pH 5.2)
containing 10 mM sodium tartrate, 1% Triton X-100, 10 p.g/ml aprotinin,
10 pg/ml leupeptin, and 1 mg/ml para-nitrophenyl phosphate. The plate
was incubated at 37°C for 30 min, and the reaction was stopped by adding
80 .l of 1 N NaOH. The amount of para-nitrophenol liberated during the
reaction was determined by measuring the absorbance at 405 nm.

Statistical analysis. Data are presented as the means * standard de-
viations (SD). Statistical significance was calculated using the Student ¢
test, and P values less than 0.05 were considered statistically significant.

RESULTS

TRP14 depletion enhances the RANKL-induced OC differenti-
ation of RAW 264.7 cells. In order to select the most effective
target sequence for silencing mouse TRP14, we constructed three
different shRNA plasmids, which were used to transiently trans-
fect NIH 3T3 cells. The knockdown of TRP14 was most pro-
nounced by transfection with pSUPER-mTRP14-2 (by ~90% af-
ter 60 h) (Fig. 1A). RAW 264.7 cells were transfected with the
TRP14 shRNA expression vector, and puromycin-resistant cell
lines were isolated (Fig. 1B). Of the resulting cell lines, line 7 was
chosen due to having the greatest depletion of TRP14. To assess
the role of TRP14 in OC differentiation, we examined the effect of
TRP14 depletion on the RANKL-induced OC differentiation of
RAW 264.7 cells. The formation of TRAP-positive multinucleated
cells containing more than three nuclei (TRAP* MNCs) increased
profoundly in TRP14-depleted cells (line 7) in comparison with
their formation in control cells that were stably transfected with an
empty vector (Fig. 1C). The augmentation of RANKL-induced
OC differentiation by TRP14 depletion was also apparent in an-
other stable cell line, line 10 (data not shown).

TRP14 depletion promotes RANKL-induced actin ring for-
mation and bone resorption. Mature OCs have a sealing zone,
which consists of a ring of filamentous actin that is required for
bone resorption, and clear margins (33). Therefore, we decided to
determine the effects of TRP14 depletion on actin ring formation
and bone resorption. TRP14-depleted cells formed actin rings
with clearer and denser margins than those formed in control cells
(Fig. 2A). To determine whether the promotion of actin ring for-
mation by TRP14 depletion affects the resorption ability of OCs,
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we induced OC differentiation in dentine discs. TRP14-depleted
cells formed larger and deeper resorption pits than did control
cells (Fig. 2B). These results suggest that TRP14 inhibits actin ring
formation and bone resorption.

TRP14 depletion leads to an increase in the accumulation of
ROS which may contribute to the promotion of OC differentia-
tion. Since TRP14 is a disulfide reductase, its depletion may cause
oxidative stress. The intracellular ROS level in TRP14-depleted
cells is higher than that in control cells upon stimulation with
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FIG 2 Promotion of RANKL-induced actin ring formation and bone resorp-
tion in TRP14-depleted cells. (A) After incubation of RAW 264.7 cells with 100
ng/ml RANKL for 5 days, the cells were fixed with 3.7% formaldehyde solution
in PBS, permeabilized with 0.1% Triton X-100, and incubated with Alexa
Fluor 488-phalloidin for 20 min. After washing with PBS, cells were incubated
with 4',6-diamidino-2-phenylindole (DAPI) for 2 min and then photo-
graphed under a fluorescence microscope. Scale bars, 200 wm. (B) The RAW
264.7 cells on dentine discs were incubated with RANKL (100 ng/ml) for 9
days. (Left) The cells were removed from the dentine discs, and the resorption
pits were visualized by staining with hematoxylin. Scale bars, 100 pm. (Right)
The values for pit area represent means = SD (n = 4). *, P < 0.005.
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FIG 3 Reduction of the increased intracellular ROS level and OC differentiation in TRP14-depleted cells by antioxidant. (A) RAW 264.7 cells were treated
with RANKL (100 ng/ml) for 10 min, washed with a-MEM lacking phenol red, and then incubated with 5 uM 5-(and-6-)chloromethyl-2’,7"-dichloro-
dihydrofluorescein diacetate in the dark for 5 min. (Left) The cells were analyzed with a flow cytometer. R indicates RANKL treatment. (Right) The values
represent means * SD (n = 4).*, P < 0.005. (B) RAW 264.7 cells were incubated with RANKL (100 ng/ml) in the presence of 5 mM NAC or 0.1 mM DPI
for 4 days. The cells were stained for TRAP (left), and the TRAP-positive MNCs containing more than 3 nuclei were counted (right) as described in the
legend to Fig. 1C. Scale bar, 200 wm. The values are means = SD (n = 3). Con, control; **, P < 0.0005. (C) After preincubation of RAW 264.7 cells with
5 mM NAC or 0.1 mM DPI for 60 min, the cells were treated with 100 ng/ml of RANKL for 10 min and the intracellular ROS levels were measured as
described for panel A. The values represent means = SD (n = 4). **, P < 0.0005.

RANKL (Fig. 3A). To assess whether the increased intracellular
ROS contribute to the promotion of OC differentiation in the
TRP14-depleted cells, cells were pretreated with NAC, a well-
known antioxidant, or DPI, an NADPH oxidase (Nox) inhibitor,
before RANKL stimulation. NAC and DPI substantially reduced
OC differentiation, as well as intracellular ROS levels, in TRP14-
depleted cells (Fig. 3B and C). These results suggest that TRP14
may inhibit OC differentiation by regulating the cellular redox
status.

TRP14 depletion promotes RANKL-induced NF-kB activa-
tion. Because NF-kB is known to be redox sensitive, as well as one
of the key transcription factors activated by RANKL during OC
differentiation, we assessed the effects of TRP14 depletion on
RANKL-induced NF-kB activation. In response to NF-kB activa-
tors, such as TNF-a, the inhibitory protein IkB, which binds to
NEF-kB and sequesters it in the cytoplasm under resting condi-
tions, is phosphorylated and subsequently degraded by the ubiq-
uitin-proteasome system, thereby allowing NF-kB to translocate
to the nucleus and activate gene expression (34). Therefore, we
examined the effect of TRP14 depletion on the time course of the
phosphorylation and degradation of IkBoa in RAW 264.7 cells
stimulated by RANKL. Compared to the effect in control cells,
TRP14 depletion increased the rate and extent of serine phosphor-
ylation of IkBa, resulting in an elevated rate of IkBa degradation
(Fig.4A). Wealso determined the effect of TRP14 depletion on the
nuclear translocation of NF-kB and the expression of its target
genes, such as SOD2 and COX2. Consistent with the results de-
scribed above, the amount of nuclear p65 and the mRNA levels of
SOD and COX2 were significantly higher in TRP14-depleted cells
than in control cells upon RANKL stimulation (Fig. 4B and C).
Moreover, NAC and DPI considerably inhibited the increase of
IkBa phosphorylation by TRP14 depletion (Fig. 4D). These re-
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sults indicate that TRP14 inhibits RANKL-induced NF-kB activa-
tion by attenuating the phosphorylation of IkBa in a redox-de-
pendent manner.

TRP14 depletion promotes RANKL-induced MAPK activa-
tion. RANKL also induces the activation of MAPKs, including
JNK, ERK, and p38, which are known to play crucial roles in OC
differentiation (25) and to be redox sensitive. Therefore, we ex-
amined whether TRP14 depletion affects the RANKL-induced
MAPK activation. MAPKSs are activated by dual phosphorylation
of threonine and tyrosine residues (Thr'®* and Tyr'®® for JNK,
Thr'®® and Tyr"®? for p38, and Thr*** and Tyr*** for ERK) within
a TXY motif. Immunoblot analysis with antibodies specific for
dually phosphorylated proteins revealed that the rate and extent of
RANKL-induced JNK and p38 phosphorylation increased signif-
icantly in TRP14-depleted cells compared with the results in con-
trol cells, whereas the time courses and extents of ERK phosphor-
ylation were not significantly affected by TRP14 knockdown (Fig.
5A and B). In addition, the activation of JNK and p38 that was
increased by TRP14 knockdown was inhibited by NAC and DPI
(Fig. 5C).

TRP14 depletion promotes RANKL-induced c-Fos and
NFATc1 expression. Binding of RANKL to its receptor RANK
induces the recruitment of TRAF6 to the cytoplasmic domain of
the receptor, which triggers the activation of NF-kB and MAPK
pathways, leading to the induction of genes, such as c-Fos and
NFATc1, that are essential for OC differentiation (25, 35). Because
NF-kB activation is known to be upstream from c-Fos/NFATcl in
RANKL-mediated OC differentiation (36) and TRP14 inhibits
RANKL-induced NF-kB activation, we examined the effects of
TRP14 depletion on the expression of c-Fos and NFATcl in
RANKL-stimulated RAW 264.7 cells. TRP14 depletion signifi-
cantly augmented not only the mRNA expression of c-Fos and
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FIG 4 Augmentation of RANKL-induced NF-kB activation by TRP14 depletion. (A) RAW 264.7 cells were exposed to RANKL (100 ng/ml) for the indicated
times, and the cell lysates were subjected to immunoblot analysis using antibodies specific for phospho-IkBa (p-IkBa) and IkBa (top). The chemiluminescence
signals for phospho-IkBa and IkBa were quantified and normalized based on the signals of $-actin (bottom). The values represent means = SD (n = 3). *, P <
0.05. (B) RAW 264.7 cells were incubated with RANKL (100 ng/ml) for 10 min and subjected to nuclear fractionation as described in Materials and Methods. The
proteins (10 pg) in the cytosolic and nuclear fraction were analyzed with antibodies specific to p65. Tubulin and TATA binding protein (TBP) were used as
markers for the cytosol and nucleus, respectively. (C) RAW 264.7 cells were incubated with RANKL (100 ng/ml) for 4 h. Total RNA was extracted from the cells
and used in real-time PCR to quantify the mRNA levels of SOD2 and COX2 genes. The relative levels of individual mRNAs were normalized to those of B-actin
mRNA and are presented as fold induction values. The values represent means = SD (n = 3). **, P < 0.001; ***, P < 0.0005. (D) After preincubation of RAW
264.7 cells with 5 mM NAC or 100 nM DPI for 60 min, the cells were treated with 100 ng/ml of RANKL for 6 min. The cell lysates were subjected to immunoblot

analysis as described for panel A.

NFATCc1 (Fig. 6A) but also their protein expression (Fig. 6B and C)
upon stimulation with RANKL. TRP14 knockdown also en-
hanced the induction of NFATcI target genes and TRAP activity
(Fig. 6A and D). In addition, the TRAF6 expression under the
basal condition was higher in TRP14-depleted cells than in control
cells and was induced by RANKL (Fig. 6A and C). Moreover, NAC
and DPI significantly reduced the expression of c-Fos and
NFATcl that was enhanced by TRP14 depletion (Fig. 6E and F).
RANKL-induced OC differentiation is inhibited by wild-
type TRP14 but not by its catalytically inactive mutant. To fur-
ther confirm the function of TRP14 in OC differentiation, we also
established RAW 264.7 cell lines that stably express either wild-
type TRP14 or its catalytically inactive mutant TRP14-C43S, in
which the active-site Cys** was mutated to serine. After transfec-
tion of RAW 264.7 cells with expression vectors for wild-type or
mutant TRP14, we isolated several cell lines, of which lines 9 and
40 were selected for further study of wild-type and mutant TRP14,
respectively, because of their similar levels of expression of TRP14
(Fig. 7A). When the cells were treated with RANKL, ectopic ex-
pression of wild-type TRP14 significantly inhibited both the for-
mation of TRAP-positive multinucleated cells and TRAP activity,
whereas the expression of the catalytically inactive mutant TRP14-
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C43S did not affect OC formation and slightly promoted TRAP
activity (Fig. 7B and C). To clarify whether the catalytic activity
of TRP14 is involved in the suppression of ROS levels which
leads to NF-kB inhibition, we examined intracellular ROS lev-
els and the extent of IkBa phosphorylation when TRP14 or its
catalytically inactive mutant is overexpressed. Upon stimula-
tion with RANKL, the expression of wild-type TRP14 signifi-
cantly decreased both the levels of ROS and IkBa phosphory-
lation, whereas the expression of the catalytically null mutant
slightly increased ROS levels and could not inhibit IkBa phos-
phorylation (Fig. 7D and E).

DISCUSSION

For the first time, the biological role of TRP14 was demon-
strated to be to inhibit the formation and function of OC by
regulating cellular redox balance. We also showed that the in-
hibitory role of TRP14 in OC differentiation depends on its
catalytic activity.

TRP14 depletion promoted the activation of NF-kB and
MAPKSs, including JNK and p38, and the induction of c-Fos and
NFATcl upon stimulation with RANKL. Several genetic studies
have shown that NF-kB plays a crucial role in OC differentiation:
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FIG 5 Enhancement of RANKL-induced MAPK activation by TRP14 depletion. (A) RAW 264.7 cells were exposed to 100 ng/ml of RANKL for the indicated
times. The cell lysates were then subjected to immunoblot analysis using antibodies against phospho-JNK and JNK1, phospho-ERK and ERK2, or phospho-p38
and p38, and representative immunoblots are shown. (B) The chemiluminescence signals for phospho-JNK, phospho-ERK, and phospho-p38 were quantified
and normalized based on the signals of JNK1, ERK2, and p38, respectively. The values represent means + SD (n = 3). *, P < 0.05; **, P < 0.001. (C) After
preincubation of RAW 264.7 cells with 5 mM NAC or 0.1 mM DPI for 60 min, the cells were treated with 100 ng/ml RANKL for 15 min. The cell lysates were

subjected to immunoblot analysis as described for panel A.

NF-kB p50 and p52 double-knockout mice or IKKB-deficient
mice have severe osteopetrosis caused by the failure of OC forma-
tion (22, 23). Studies using either mice lacking JNK or the p38
inhibitor SB203580 (37-39) suggest that JNK and p38 play impor-
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tant roles in OC differentiation. Therefore, TRP14 may attenuate
OC differentiation by inhibiting NF-kB, JNK, and p38.

NF-kB induces the initial expression of NFATc1, a master reg-
ulator of osteoclastogenesis (40). c-Fos is also involved in the ro-
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bust induction of NFATcl1 expression as a component of the acti-
vator protein-1 (AP-1) transcription factor (16). Previous studies
have shown that c-Fos plays critical roles in OC differentiation
and that NFATcl is the downstream target of c-Fos: c-Fos knock-
out mice were deficient in OCs and exhibited an osteopetrotic
phenotype (13), but the ectopic expression of NFATc1 in c-Fos-
deficient cells restored the transcription of osteoclastogenesis-as-
sociated genes and resumed OC formation (14). In addition, c-Fos
and NFATcl were not induced by RANKL in NF-kB p50/p52
double-knockout OC precursor cells (36), suggesting that c-Fos/
NFATCcl is downstream from NF-«kB. JNK can directly phosphor-
ylate c-Jun, which is one of the major components of transcription
factor AP-1, indicating that JNK may contribute to osteoclasto-
genesis by modulating AP-1 activity. Thus, the enhanced activa-
tion of NF-kB and JNK by TRP14 depletion may lead to the in-
creased expression of c-Fos and NFATcI, resulting in the
promotion of OC differentiation.

However, TRP14 depletion also increased the basal level of
TRAF6. It has been observed that TRAF6 mediates RANKL-in-
duced NF-kB activation and ROS generation (41), that its inter-
action with RANK is required for the actin ring formation and
bone resorption activity of mature OCs (42), and that mice defi-
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cient in TRAF6 exhibit osteopetrosis (43). The promoter region of
the mouse TRAF6 gene is predicted to contain four putative AP-1
binding sites, which are located within ~1.2 kb upstream from
tentative transcriptional start sites. The human promoter region
also has three putative AP-1 binding sites that are properly aligned
with the positions of the corresponding sites in the mouse pro-
moter. Given that TRP14 depletion promotes the expression of
c-Fos, as well as the activation of JNK, which mediates direct phos-
phorylation of c-Jun, the level of TRP14 is expected to affect
TRAF6 expression by modulating AP-1 activity. Hence, the inhib-
itory effects of TRP14 on RANKL-induced signal transduction
and OC differentiation may stem from the regulation of TRAF6
expression.

RANKL stimulation produces ROS through a signaling cas-
cade involving TRAF6, Racl, and NADPH oxidase 1 (Nox1) (28,
30). RANKL-induced ROS accumulation was enhanced by TRP14
depletion, reduced by ectopic expression of TRP14, and unaf-
fected by the catalytically inactive TRP14 mutant. However, the
basal ROS level was hardly affected by the manipulation of TRP14
expression. In addition, the increased intracellular ROS and OC
differentiation in TRP14-depleted cells were reduced by pretreat-
ment with NAC and DPI. These data suggest that TRP14 inhibits

mcb.asm.org 3521


http://mcb.asm.org

Hong et al.

A B Mock WT C43S COMock IBWT E1C43S
$ _ Wr  c438 §450 e
= 9 2232 1 40 S *%

TRP14 —— S 90

=
(0 ) Fp——————— + 150
s
0
-
_3 4
RANKL (day)
C OMock mwT EC43s D Omockmwrmcass E Mock WT  C43S
< *
21-6 [ex 2 g 0 [ 1 RANKL: — + — + — +
! [0]
% 2 @ 20 '-| p-h(Botl e -
S 08 g
% i 210 |KBQ|------
’ L
0.0 2 o TRP14 | v e s |
3 4 _ 4
e (o ——— -ACHn | e ————
RANKL (day) RANKL

FIG 7 Effects of ectopic expression of wild-type TRP14 or its catalytically inactive mutant on RANKL-induced OC differentiation of RAW 264.7 cells. (A) RAW
264.7 cells were transfected with pCR3.1 vector (Mock), pPCR-mTRP14 (WT), or pCR-mTRP14-C43S (C43S), and G418-resistant cell lines were isolated. The
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multinucleated cells containing more than 3 nuclei (TRAP" MNCs) were counted (B, right), and TRAP activity was measured (C). The values represent means
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OC differentiation by regulating cellular redox status through its
catalytic activity. In addition to having a disulfide reductase activ-
ity, TRP14 has the ability to reduce H,O,. However, TRP14 exhib-
itsa high K, value for H,0, (18), which may be the reason why the
basal ROS level was not significantly affected by the manipulation
of TRP14 expression. Many cellular proteins contain redox-sen-
sitive cysteine residues that are readily oxidized by ROS to form
intra- or intermolecular disulfide bonds. Some of these disulfides
would be reduced by the action of TRP14, as exemplified by LC8
and phosphotyrosine phosphatase 1B (20, 21, 44). TRP14 was
recently reported to be an efficient L-cystine reductase (45). The
resulting oxidized TRP14 is reduced by the NADPH-dependent
enzyme thioredoxin reductase, resulting in the overall reaction of
the NADPH-dependent reduction of ROS. Therefore, TRP14-
mediated cyclic interconversion of proteinaceous or free cysteine
residues between thiol and disulfide forms can lead to the scav-
enging of ROS. Direct scavenging of ROS by TRP14, though not
efficient, is also a possibility.

NAC and DPI significantly suppressed the activation of NF-kB
and MAPK and the ROS accumulation promoted by TRP14 de-
pletion. In response to various stimuli, ROS have been shown to
regulate NF-kB and MAPKSs through the oxidative modification
of a conserved cysteine residue of redox-sensitive target mole-
cules. We previously unraveled the mechanism underlying the
redox-dependent regulation of TNF-a-induced NF-kB activa-
tion, in which ROS oxidize LC8 to a homodimer linked by a re-
versible intermolecular disulfide bond, which promotes its disso-
ciation from IkBa, allowing IkBa to be phosphorylated and
degraded and resulting in NF-kB activation (20, 21). Recently, we
also showed that LC8 inhibits RANKL-induced osteoclastogenesis
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by regulating NF-kB and protects against inflammation-induced
or ovariectomy-induced bone loss in mice (31). Thus, it is likely
that TRP14 attenuates OC differentiation by inhibiting NF-kB
through controlling the redox status of LC8.

MAPKSs are activated through the dual phosphorylation of ty-
rosine and threonine by MAPK kinases and are inactivated by
dephosphorylation by MAPK phosphatases (MKPs) (46). There-
fore, the activity of MAPKSs, such as JNK and p38, could be defined
by the balance of their upstream kinase and MKP activities. Many
protein tyrosine phosphatases have been shown to be inactivated
through reversible oxidation of their catalytic cysteine in cells ex-
posed to growth factors (47, 48). In addition, ROS promote sus-
tained JNK activation by inhibiting MKP-1, MKP-3, MKP-5, and
MKP-7, all of which act as JNK phosphatases (49). Thus, it is of
interest to explore the changes of redox status of these MKPs and
the relevance of TRP14 to those during RANKL-induced OC dif-
ferentiation.

Although TRP14 was not induced during RANKL-induced
OC differentiation, the ectopic expression of TRP14 inhibited
OC differentiation. But the expression of the catalytically inac-
tive TRP14 mutant did not affect OC formation and slightly
inhibited OC function, indicating that the catalytic activity of
TRP14 is essential for inhibiting OC differentiation. Therefore,
the enhancement of TRP14 may present a new strategy for
preventing the bone diseases caused by excessive OC activity.
Finding bone diseases or pathophysiological conditions where
TRP14 is downregulated allows greater opportunity for re-
search on the regulation of TRP14 expression and for the de-
velopment of a method to induce TRP14.
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