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Herpes virus entry mediator (HVEM), which is constitutively expressed at a high level on myeloid
lineage cells, is also expressed on bone marrow-derived macrophages, suggesting that it may play
a role in bone metabolism by affecting osteoclasts (OC) derived from bone marrow-derived mac-
rophages. To address this question, we evaluated bone mass by micro-computed tomography and
the number and activity of OC by tartrate-resistant acid phosphatase (TRAP) and pit formation on
dentine slices, comparing HVEM-knockout mice with wild-type mice. The absence of HVEM led to
ahigher bone mass and to decreased levels of serum collagen type | fragments and serum TRACP5b
in vivo. In vitro HVEM deficiency resulted in a reduced number and activity of OC and an impaired
receptor activator of nuclear factor-«B ligand signaling through reduced activation of nuclear
factor-«B and of nuclear factor of activated T-cells cytoplasmic 1. Exogenous soluble HVEM de-
creased expression of TRAP, whereas soluble LIGHT (a ligand of HVEM) increased it, indicating the
occurrence of a positive signaling through HVEM during osteoclastogenesis. Our findings indicate
that HVEM regulates bone remodeling via action on OC. The higher bone mass in the femurs of
HVEM-knockout mice could be, at least in part, due to attenuated osteoclastogenesis and bone
resorption resulting from decreased receptor activator of nuclear factor-«B ligand signaling in the
OC. (Endocrinology 153: 4808-4817, 2012)

one is a dynamic tissue that undergoes remodeling as
Ba consequence of the activities of osteoclasts (OC) and
osteoblasts. OC are giant multinucleated cells that are pri-
marily responsible for bone destruction (1). Two key mol-
ecules have been identified to be promoting osteoclasto-
genesis. These necessary and sufficient factors are
produced by bone marrow stromal cells. They are mac-
rophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor-kB ligand (RANKL), a member
of the TNF family (1, 2). Binding of RANKL to its recep-
tor, RANK, recruits TNF receptor-associated factor 6
(TRAF6) and activates downstream signaling pathways
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such as nuclear factor-kB (NF-«B) and nuclear factor of
activated T cells, cytoplasmic 1 (or NFAT2) that are es-
sential for OC differentiation (3-5). Activated transcrip-
tion factors initiate expression of target genes including
tartrate-resistant acid phosphatase (TRAP) and cathepsin
K (4, 5). OC are highly regulated cells that act in an au-
tocrine fashion to produce modulating factors that pro-
mote their own formation and activity (1).

* W.-K.K. and O.-J.S. contributed equally to this work.

Abbreviations: Ab, Antibody; BMC, bone mineral content; BMD, bone mineral density;
BMM, bone marrow-derived macrophage; [Ca?*Ji, intracellular concentration of Ca?*;
nCT, micro-computed tomography; DCFH-DA, 2’,7'-dichlorofluorescein diacetate;
HVEM, Herpes virus entry mediator; KO, knockout; M-CSF, macrophage-colony stimulat-
ing factor; MNC, multinucleated cells; NFAT2, nuclear factor of activated T cells cytoplasm
1; NF-kB, nuclear factor-kB; OC, osteoclast; qPCR, quantitative PCR; ROS, reactive oxygen
species; RANKL, receptor activator of nuclear factor-«B ligand; sHVEM, soluble HVEM;
SLIGHT, soluble LIGHT; TNFR, TNF receptor; TRAF6, TNFR-associated factor 6; TRAP, tar-
trate-resistant acid phosphatase; TUNEL, terminal deoxynucleotide transferase-mediated
dUTP nick end labeling WT, wild type.
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In addition to RANKL/RANK, several TNF receptors
(TNFR)/TNF ligand interactions that primarily affect the
immune system influence the differentiation and function
of OC (6-10), indicating that the two systems are closely
related. Herpes virus entry mediator (HVEM) is a TNFR
family member like RANK and was originally identified as
the receptor for Herpes simplex virus 1 (11). HVEM trans-
mits a signal that leads to activation of NF-«kB (12), a
transcriptional regulator of inflammatory genes. LIGHT,
a TNF family member, interacts with HVEM as well as the
lymphotoxin B receptor and the decoy receptor DcR3/
TR6 (13). HVEM and LIGHT are expressed prominently
on lymphoid cells and myeloid lineage cells with a wide
tissue distribution (13). Cross-linking of LIGHT to
HVEM stimulates T cells and accelerates proliferation and
cytokine production (14). In addition to acting as a T cell
costimulator, the HVEM/LIGHT interaction is involved
in the maturation of dendritic cells (15) and the bacteri-
cidal activity of monocytes (16), which implies that
HVEM also plays a role in myeloid cells. The strong and
constitutive expression of HVEM in myeloid lineage cells,
which are also OC precursors, suggests that HVEM in-
fluences bone metabolism by acting on OC.

In the present work we have attempted to clarify the
role of HVEM in OC and its effect on the skeletal pheno-
type using HVEM-deficient mice.

Materials and Methods

Reagents and antibodies

Recombinant mouse M-CSF, RANKL, HVEM, and LIGHT
were obtained from R&D Systems, Inc. (Minneapolis, MN).
Monoclonal antibody (Ab) against HVEM was raised against an
HVEM-Fc fusion protein and was shown to block T cell prolif-
eration upon stimulation with CD3 and the soluble form of
LIGHT (17).

OC formation, bone resorption, and bone
measurement

Bone marrow cells (typically three mice per preparation) were
isolated from 4- to S-wk-old male HVEM ™" wild-type (WT)
and HVEM ~/~ [HVEM-knockout (KO)] mice on a background
of C57BL/6] mice purchased from The Jackson Laboratory (Bar
Harbor, ME) and provided by the University of Ulsan Immuno-
modulation Research Center (IRC). HVEM-KO mice were made
as described previously (17). The genotypes of the offspring were
determined by Southern blot analysis of DNA from tail biopsies.
All mice were housed in the specific pathogen-free animal facility
of the IRC and were handled in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the IRC.
Standards were approved by the committee (2008-033). Femurs
and tibias were removed aseptically and adherent soft tissue was
removed. The bone ends were cut, and the marrow cavity was
flushed out with a-MEM from one end of the bone using a sterile
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21-gauge needle, after which the marrow was agitated using a
Pasteur pipette to obtain a cell suspension. The resulting bone
marrow suspension was washed twice and incubated on plates
with M-CSF (20 ng/ml) for 16 h. Nonadherent cells were then
harvested, layered on a Ficoll-hypaque gradient for collecting
cells at the interface, and cultured for 2 more days as described
previously (18), at which time large populations of adherent
monocyte/macrophage-like cells had formed on the bottom of
the culture plates. The small number of nonadherent cells was
removed by washing the dishes with PBS, and the remaining
adherent cells [bone marrow-derived macrophages (BMM)]
were harvested and seeded on plates. The adherent cells were
analyzed by fluorescence-activated cell sorter (FACS) and found
to be negative for CD3 and CD45R and positive for CD11b and
F4/80. The absence of contaminating stromal cells was con-
firmed by a lack of growth without the addition of M-CSF. Ad-
ditional medium containing M-CSF and RANKL (40 ng/ml) was
added, and the medium was replaced on d 3. After incubation for
the indicated times, the cells were fixed in 10% formalin for 10
min and stained for TRAP as previously described (1). Numbers
of TRAP-positive multinucleated cells (MNC) (three or more
nuclei) were determined

OC were further characterized by assessing their ability to
form pits on dentine slices, as previously described (19). Mature
OC were generated by incubation with M-CSF and RANKL for
5 dand harvested as previously described (20). The cells obtained
(2000 cells) were seeded on dentine slices and incubated for 1 d
with M-CSF and RANKL. The slices were cleaned by ultrasoni-
cationin 1 MNH,OH to remove adherent cells, then stained with
Mayer’s hematoxylin (Sigma Chemical Co., St. Louis, MO) to
visualize resorption pits.

Micro-computed tomography (uCT) scanning was per-
formed with a GE eXplore Locus SP system (Locus SP; GE
Healthcare Co., Piscataway, NJ) as previously described (21).
For three-dimensional histomorphometry and visualization of
long bone structure, the femurs of 10-wk-old female mice were
scanned with a high-resolution uCT imaging system set to a
0.008-mm effective detector pixel size. The software for the
three-dimensional microstructure analysis was provided by Ex-
plore MicroView 2.2. The following bone remodeling markers
were measured according to the manufacturer’s directions (Im-
munodiagnostic Systems Inc., Jena, Germany): serum collagen-
type 1 fragments (CTX-1) by RatLaps enzyme immunoassay,
serum TRACPS5b by solid phase immune-fixed enzyme activity
assay, and N-terminal propeptide of type I procollagen (PINP) by
competitive enzyme immunoassay. For in vivo TRAP-positive
OC analysis, mouse femurs were excised, cleaned of soft tissue,
and decalcified in EDTA. Representative histological sections of
distal femoral metaphysis of WT and HVEM-KO mice were
stained for TRAP to identify OC that were decreased in the mu-
tant (original magnification X 200). Iz vivo apoptosis was mea-
sured using a TUNEL (terminal deoxynucleotide transferase-
mediated dUTP nick end labeling) assay according to the
manufacturer’s instructions (ApopTag Peroxidase In Situ Detec-
tion kit; Chemicon, Temecula, CA). Bone histomorphometry
was measured using Image Pro Plus 3.0 software (Media Cyber-
netics, Silver Spring, MD).

Quantitative PCR (qPCR)
Total RNA from BMM incubated with M-CSF and RANKL
for the indicated time period was extracted using Trisol solution
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(Life Technologies, Inc., Gaithersburg, MD), and reverse tran-
scribed with oligo-dT and Superscript I (Invitrogen, Carlsbad,
CA). qPCR was carried out using SYBR Green 1 Taq polymerase
(QIAGEN, Hilden, Germany) and appropriate primers on a
DNA Engine Opticon Continuous Fluorescence Detection Sys-
tem (M] Research Inc., Waltham, MA). The specificity of each
primer pair was confirmed by melting curve analysis and aga-
rose-gel electrophoresis. The housekeeping glyceraldehyde-3-
phosphate dehydrogenase gene was amplified in parallel with the
genes of interest. Relative copy numbers compared with glycer-
aldehyde-3-phosphate dehydrogenase were calculated using
22ACt Primer sequences used were described in Supplemental
Table 1 published on The Endocrine Society’s Journals’ Online
web site at http://endo.endojournals.org.

Apoptosis assay

OC apoptosis was detected by annexin V staining. OC de-
rived from BMM stimulated with RANKL for 4 d were washed
and incubated with or without cytokines for 18 h. For annexin
V staining, the cells were harvested as previously described (20)
and transferred to FACS tubes. After washing, cells were incu-
bated with annexin V fluorescein isothiocyanate (BD Biosci-
ences, Palo Alto, CA) in binding buffer [10 mm HEPES/NaOH
(pH 7.4), 140 mm NaCl, 2.5 mm CaCl,] for 15 min and imme-
diately analyzed with a FACSCalibur (Becton Dickinson, Frank-
lin Lakes, NJ).

EMSA

Biotinylated double-stranded oligonucleotides were synthe-
sized by Bioneer Co. (Daejeon, Korea): NF-«B, 5'-agttgaggggac
tttcccagge-3';  NF-kB-mutant, 5'-agttgaggcgactttcccagge-3';
NF-Y, 5'-agaccgtacgtgattggttaatctctt-3'. Nuclear extracts were
prepared from BMM cells stimulated with RANKL (40 ng/ml)
using NE-PER nuclear and cytoplasmic extraction reagents
(Pierce Chemical Co., Rockford, IL) according to the manufac-
turer’s manual. Binding reactions were carried out for 20 min at
room temperature in the presence of 50 ng/ml polydeoxyinosinic
deoxycytidylic acid, 0.05% Nonidet P-40, 5 mm MgCl,, 10 mm
EDTA, and 2.5% glycerolin 1 X binding buffer using 20 fmol of
biotin-end-labeled target DNA and 3 ug of nuclear extract ac-
cording to the manufacturer’s manual (LightShift Chemilumi-
nescent EMSA kit; Pierce). Samples were loaded onto native 6 %
polyacrylamide gels preelectrophoresed for 60 min in 0.5 X Tris
borate/EDTA and electrophoresed at 100 V before being trans-
ferred onto a positively charged nylon membrane (Hybond-N+)
in 0.5 X Tris borate/EDTA at 100 V for 30 min. Transferred
DNA were cross-linked to the membrane at 10 m]/cm? and de-
tected using horseradish peroxidase-conjugated streptavidin.

Fractionation and Western blot analysis

Cultured cells were harvested after washing with ice-cold PBS
and then lysed in extraction buffer (50 mm Tris-HCI, pH 8.0; 150
mM NaCl; 1 mm EDTA; 0.5% Nonidet P-40; 0.01% protease
inhibitor mixture). Cells were fractionated using Nuclear and
Cytoplasmic Extraction reagents (Pierce) according to the man-
ufacturer’s protocol. Cytoplasmic and nuclear extracts were sub-
jected to SDS-PAGE and Western blotting. The primary Ab used
were Ab against NFAT2 and lamin B (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) and B-actin (Sigma). Horseradish perox-
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idase -conjugated secondary Ab (BD Biosciences) was used as the
probe.

Intracellular reactive oxygen species (ROS)
detection

The intracellular formation of ROS was detected using the
fluorescence probe 2',7'-dichlorofluorescein diacetate (DCFH-
DA) (Molecular Probes, Inc., Eugene, OR). After BMM were
cultured under the different experimental conditions for 48 h, the
cells were harvested, suspended in PBS, loaded with DCFH-DA,
and incubated at 37 C for 30 min. The measurement of intra-
cellular ROS was performed using flow cytometry with a
FACSCalibur.

Measurement of intracellular concentration of
Ca** ([Ca**]i)

BMM were incubated with RANKL and M-CSF for 48 h. For
[Ca®"]i measurement, cells were incubated with 5 um fluo-4
AM, 5 um Fura Red AM, and 0.05% pluronic F127 for 30 min
in serum-free DMEM as previously described (5). Cells were
further incubated with M-CSF for 20 min and analyzed using a
confocal microscope (FV1000; Olympus, Tokyo, Japan). To es-
timate [Ca®"]i in a single cell, the ratio of the fluorescence in-
tensity of fluo-4 to Fura Red was calculated. The increase in the
ratio from the basal level was divided by the maximum ratio
increase obtained by adding 10 wMionomycin and was expressed
as the % maximum ratio increase. For measurement of total
[Ca>*]i, BMM cultured with RANKL and M-CSF for 48 h were
loaded with fluo-4 at 37 C for 30 min, further incubated at room
temperature for an additional 30 min, and analyzed with an
excitation/emission filter pair (488/530 nm).

Statistical analysis

All values are expressed as means = SEM. Statistical signifi-
cance was determined by Student’s ¢ test. P < 0.05 was consid-
ered statistically significant.

Results

HVEM increases OC number and activity in vitro
HVEM is highly expressed on monocytes and macro-
phages (13), the precursors of which share characteristics
with OC. BMM were exposed to RANKL to determine
whether HVEM expression was regulated during oste-
oclastogenesis. HVEM was constitutively expressed in
BMM and was significantly up-regulated after 8 h of ex-
posure to RANKL but decreased afterward (Fig. 1A). To
evaluate whether HVEM influenced osteoclastogenesis,
we determined OC formation in cultures of BMM isolated
from WT and HVEM-KO mice. In the presence of the two
osteogenic cytokines, M-CSF and RANKL, maximal OC
formation occurred after 3 d. The extent of OC formation
in the HVEM-KO BMM was 37% lower than in the WT
BMM as measured by counting TRAP-positive MNC (Fig.
1, B and C). Furthermore, the absence of HVEM reduced
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FIG. 1. Reduced number and activity of OC in the absence of HVEM. A and D, BMM were stimulated with RANKL (40 ng/ml) and M-CSF (20 ng/ml) for
8,24 (A), and 48 h (D), and total RNA was extracted and subjected to gPCR analysis. The expression level before RANKL treatment was set at 1. *, P <
0.05 compared with the level before RANKL treatment (A). *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with WT cells (D). B, BMM from WT
and HVEM-KO mice were incubated with M-CSF and RANKL. After 3 d, the cells were fixed and the number of TRAP-positive MNC per well was scored
(n > 3, OC having >3 nuclei; n > 10, OC having >10 nuclei). ***, P < 0.001 compared with WT cells. C, Representative photos of B; scale bar; 200
wm. E, BMM were stimulated with RANKL in the presence of control IgG (IgG) or anti-HVEM Ab (aHVEM) and M-CSF for 3 d. **, P < 0.01; ***, P <
0.001 compared with control IgG-treated cells. There was no significant difference between treatments of control IgG and anti-HVEM Ab in HVEM-KO
cells. F, BMM were incubated with M-CSF for 1 d. For the final 18 h of culture, they received 1 uCi/well [PH]thymidine (NEN Life Science Products, Boston,
MA). Cellular DNA was harvested and counted by liquid scintillation spectroscopy. There was no significant difference between WT BMM and HVEM-KO
BMM. G, Mature OC were washed, reincubated with vehicle (V) or M-CSF and RANKL (M+R) for 18 h, and apoptotic cells were stained with annexin V
fluorescein isothiocyanate. *, P < 0.05; **, P < 0.01 compared with WT cells. H, Mature OC were incubated on whole dentine slices in the presence of
M-CSF and RANKL for 1 d, and the slices were stained with Mayer’s hematoxylin. Representative photos of the resorption pits formed by WT OC and
HVEM-KO OC are shown. The areas of the resorption pits were measured with ImageJ 1.37v. *, P < 0.05 compared with WT cells. WT cells, open bars;
HVEM-KO cells, diagonally lined bars (D-H). Similar results were obtained in three independent experiments.
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OC with more than 10 nuclei by a greater degree, com-
pared with those having more than three nuclei (37% vs.
64%). Consistent with this result, after 48 h of RANKL
stimulation, transcripts of TRAP, cathepsin K, calcitonin
receptor, and c-Fos were significantly lower in the OC
from HVEM-KO mice than in those from WT mice (Fig.
1D). To confirm that the decreased OC formation ob-
served in HVEM-KO BMM was a direct effect of HVEM
deficiency, we incubated WT BMM with anti-HVEM Ab
to block HVEM. As anticipated, neutralization of HVEM
significantly reduced osteoclastogenesis in WT BMM,
with no effect on HVEM-KO BMM (Fig. 1E). To assess
whether the decreased OC formation was due to retarded
cell growth in the absence of HVEM, we examined the
proliferation of BMM upon stimulation with M-CSF.
There was no significant difference in proliferation be-
tween BMM from WT and HVEM-KO mice (Fig. 1F). We
also assessed whether the decreased OC formation in the
absence of HVEM was due to decreased OC survival. To
examine whether decreased OC survival was caused by an
increased apoptotic effect, binding to annexin V was de-
termined. A significant increase in annexin V-positive cells
was observed with HVEM-KO cells after withdrawal or
restimulation of M-CSF and RANKL compared with WT
cells (Fig. 1G). Next, we assessed whether HVEM affected
bone resorption. Mature OC from HVEM-KO mice gave
rise to significantly fewer pits than did the same number of
WT OC (Fig. 1H).

HVEM stimulates bone remodeling in vivo

The finding that constitutively expressed HVEM acted
as a positive regulator in OC suggests a role of HVEM in
bone loss in vivo. To determine whether our in vitro find-
ings apply in vivo, we analyzed femur bones from
HVEM-KO mice and their littermates by wCT. At 10 wk
of age, no significant differences in body size and shape
were observed between the HVEM-KO and WT mice
(data not shown). wCT analysis of femurs revealed that
loss of HVEM function led to higher bone mass in
basal conditions (Fig. 2A). The bone mass increase in
HVEM-KO mice was evaluated at the level of the second-
ary spongia of the distal femurs. HVEM-KO mice had
elevated bone mineral densities (BMD), bone mineral con-
tent (BMC), and trabecular bone volume (BV/TV), and
reduced trabecular separation (Tb.Sp.) (Fig. 2, B-G). The
decreased bone resorption in HVEM-KO mice was con-
firmed by the reduced level of serum CTX-1 (Fig. 2H). A
reduced number of OC was observed by lower serum
TRACPSD in the absence of HVEM, compared with WT
(Fig. 2I). In agreement with this, histological sections of
the distal femur also showed a lower number of TRAP-
positive OC in the absence of HVEM (Fig. 2]). To confirm
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that this decrease was due to the enhanced susceptibility of
OC to apoptosis, i vivo TUNEL staining was performed.
Contrary to our i vitro results, a lack of HVEM reduced
the number of TUNEL-positive cells compared with WT
in vivo (Fig. 2K). However, a serum marker of bone for-
mation, PINP, was not significantly affected by the lack of
HVEM (Fig. 2L).

HVEM regulates RANKL signaling by modulating
NF-xB activation and NFAT2 induction

To gain molecular insights into the enhancing role of
HVEM in osteoclastogenesis, we investigated the effect of
HVEM deficiency on RANKL-induced signaling path-
ways. Because HVEM did not affect M-CSF-stimulated
proliferation in BMM (Fig. 1F), we hypothesized that
HVEM might mediate RANKL-regulated OC differenti-
ation. Occupancy of RANK activates the key osteoclas-
togenesis transcription factors NF-kB and NFAT2 (4, 5).
We first asked whether the absence of HVEM affected the
activation of NF-«B induced by RANKL. RANKL stim-
ulation of BMM induced NF-«kB DNA binding activity
(lane 3), whereas the absence of HVEM decreased this
activity (lane 5) (Fig. 3A). The specificity of the binding
activity was confirmed by competition assays using mu-
tant competitor probes (lane 1).

Next, we showed that the exposure of BMM to
RANKUL increased transcript levels of NFAT2. The level of
NFAT?2 was significantly lower in the absence of HVEM
when compared with WT cells (Fig. 3B). We examined the
expression and cellular location of NFAT2 protein in
RANKL-stimulated BMM undergoing differentiation. A
reduced level of total NFAT2 protein was found in
HVEM-KO cells (Fig. 3C, lower panel). RANKL stimu-
lation strongly induced enrichment of NFAT2 in the
nucleus region of WT OC, compared with HVEM-KO
OC (Fig. 3C, upper and middle panels), suggesting that
HVEM deficiency decreased nuclear localization of
NFAT2 in OC. Because autoamplification of NFAT2 dur-
ing OC formation is associated with RANKL-induced
long-lasting ROS production (22) and [Ca**]i oscillation
(5), we evaluated whether the absence of HVEM also af-
fected long-term ROS production and [Ca®*]i oscillation
after exposure to RANKL. RANKL stimulation sustained
an elevated level of ROS, which was maximal at 48 h
exposure, compared with M-CSF stimulation in WT cells
(Fig. 3D). HVEM deficiency reduced ROS levels induced
by RANKL as well as M-CSF (Fig. 3D). As shown in Fig.
3E, total [Ca®*]i was also significantly attenuated in the
absence of HVEM compared with WT cells upon RANKL
stimulation. Furthermore, the degree of the [Ca?*]i oscil-
lation response of each individual cell was also lower in the
absence of HVEM (Fig. 3F).
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Because activation of three members
of the MAPK family, p38, ERK, and
JNK, is important for RANKL-induced
osteoclastogenesis, we examined whether
the absence of HVEM also affected the
activations of these MAPK. There was
no significant difference in the phosphor-
ylation of MAPK between WT and
HVEM-KO cells upon RANKL stimula-
tion (data not shown).

A signal through HVEM stimulates
RANKL-induced OC formation
Because OC differentiation was re-
duced in the absence of HVEM or by
blockade of HVEM by neutralizing
Ab, an HVEM-mediated signal should
be stimulatory for OC formation. To
search for possible HVEM ligand can-
didates for increased OC formation, we
examined the expression of LIGHT
in BMM upon RANKL stimulation.
LIGHT was also constitutively ex-
pressed in BMM, down-regulated after
8 h of RANKL exposure, and afterward
returned to its original level (Fig. 4A).
To assess whether LIGHT was required
for the increased OC formation medi-
ated by HVEM, we treated BMM with
soluble LIGHT (sLIGHT) to stimulate
HVEM and assessed RANKL-induced
OC formation by measuring TRAP ex-
pression. sSLIGHT increased osteoclas-
togenesis significantly in WT cells but
had no effect on HVEM-KO cells (Fig.
4B), suggesting that SLIGHT transmits
a signal inducing osteoclastogenesis.
To confirm the effect of sSLIGHT, we
counted TRAP-positive MNC after
stimulation with RANKL and sLIGHT
for 3 d. As shown in Fig. 4C, we de-
tected a similar pattern to that observed
for TRAP transcript. The effect of
sLIGHT on RANKL-stimulated ROS
production also showed a similar pat-
tern: WT cells generated elevated levels of
ROS upon RANKL stimulation by
sLIGHT, whereas HVEM-KO cells did
not (Fig. 3D). We also investigated
whether LIGHT alone induces OC for-
mation, and, if so, whether it is indepen-
dent of RANKL. As shown in Fig. 4D,
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FIG. 3. Impaired RANKL signaling in OC in the absence of HVEM. A, BMM were stimulated with vehicle (V: lanes 2 and 4) or RANKL (100 ng/ml)
(R: lanes 3 and 5) for 1 h. A variant NF-«B (lane 1) was used as a negative control. NF-Y DNA binding activity was measured as an internal control.
B, BMM were stimulated with RANKL (40 ng/ml) and M-CSF (20 ng/ml) for 48 h, and total RNA was extracted and subjected to gPCR analysis. The
expression level before RANKL treatment was set at 1. *, P < 0.05 compared with WT cells. WT cells, open bar, HVEM-KO cells, oblique-lined bar.
C, BMM were cultured for 2 d in the presence of M-CSF and RANKL. Whole-cell extracts, cytoplasmic fractions, and nuclear fractions were
harvested from cultured cells and subjected to Western blot analysis with specific Ab as indicated. Ab for g-actin and lamin B1 were used for the
normalization of cytoplasmic and nuclear extracts, respectively. D, Intracellular levels of ROS upon stimulation with RANKL or RANKL+SLIGHT (0.1
pg/ml) in the presence of M-CSF for 48 h were determined in WT cells and HVEM-KO cells using DCFH-DA. ROS levels were quantified by flow
cytometry. E and F, WT BMM and HVEM-KO BMM were cultured with M-CSF and RANKL for 48 h. Cells were loaded with fluo-4 AM for
fluorescence (E). ***, P < 0.001 compared with WT cells. Cells were loaded with fluo-4 and Fura Red, and the ratio of fluorescence intensity of
fluo-4 to Fura Red was estimated, and percent maximum ratio increase from the base line was plotted with an interval of 5 sec. Maximum ratio
increase was obtained with the addition of 10 wuwm ionomycin at the end of each experiment, indicated by an arrow. Each line indicated a different
cell in the same field (F). M, M-CSF; MAX, maximal; R, RANKL; KO, HVEM-KO.
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before RANKL treatment was set at 1. *, P < 0.05; **, P < 0.01 compared with vehicle-treated
WT cells. There was no significant difference between sLIGHT treatment and vehicle (V) in HVEM-
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more WT OC undergoing apoptosis
compared with HVEM-KO OC, which
was contrary to the in vitro results. One
potential explanation for these dispa-
rate results is that the net effect of
HVEM on OC apoptosis iz vivo repre-
sents the balance of its direct antiapo-
ptotic and indirect apoptotic activities
in bone marrow environments. HVEM
may play dual roles in OC apoptosis,
depending on the ligand and receptor
engagement, although it has not been
determined yet. In T cells, engagement
of HVEM with LIGHT induces power-
ful immune responses, whereas HVEM
interaction with B and T lymphocyte
negatively regulates them (13). In vivo,
this indirect apoptotic activity may
overcome the direct suppressive activi-
ties of HVEM in OC. The number of
large OC (>10 nuclei), which are more
efficient at bone resorption, was lower
than the total number of OC in the mu-
tant, suggesting that HVEM may be in-
volved in the fusion of OC precursors.
OC activation was also impaired by a
lack of HVEM. These results clearly in-
dicate that HVEM is at least partly re-
sponsible for modulating the number

www.endo.endojournals.org.

LIGHT alone did not generate any TRAP-positive MNC
under the conditions in which RANKL-induced OC forma-
tion was significantly decreased by osteoprotegerin. Next, to
seek further evidence that a signal through HVEM is respon-
sible for osteoclastogenesis, we attempted to compete out
membrane-bound HVEM with soluble HVEM (sHVEM).
sHVEM significantly reduced the expression of TRAPin WT
cells but had no effect in the HVEM-KO cells (Fig. 4E). These
results demonstrate that LIGHT/HVEM interaction is a pos-
itive regulator of osteoclastogenesis via a signal through
HVEM.

Discussion

We have demonstrated a functional role of HVEM in OC.
The absence of HVEM decreased RANKL-induced
osteoclastogenesis, suggesting that HVEM is a positive
regulator of osteoclastogenesis. However, the decreased
number of OC in the mutant appeared not to be caused by
OC apoptosis. In fact, iz vivo TUNEL staining showed

and activity of OC.

HVEM was constitutively expressed
in BMM and increased at an early stage
of RANKL stimulation but was down-regulated after-
ward. Itsligand, LIGHT, was also constitutively expressed
in BMM and was reciprocally expressed compared with
HVEM. Because HVEM belongs to the same TNFR family
as RANK, we thought it likely that the HVEM/LIGHT
interaction induces osteoclastogenesis independently of
RANK/RANKL. However, this was not the case, because
LIGHT alone did not generate any OC without RANKL
under our assay conditions. On the contrary to our find-
ing, Edwards et al. (23) has reported that LIGHT alone
induces OC formation and bone resorption without
RANKL. This discrepancy could be due to the source of
the cells or the assay conditions used. Although our data
showed that HVEM affects RANKL-induced signaling in
OGC, it is not certain through which molecule HVEM par-
ticipates in the RANKL-stimulated pathway. TRAF are
cytoplasmic adaptor proteins binding to various receptors
of the TNFR family, including RANK and HVEM. The
cytoplasmic domain of HVEM interacts with TRAF1, 2,
3, and 5, but not with TRAF6 (12), which is an essential
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adaptor molecule in RANKL signaling in osteoclastogen-
esis (3). However, TRAF3, which serves as a negative reg-
ulator of NF-«B, binds both RANK and HVEM (24). It is
possible that HVEM reduces the availability of TRAF3 for
RANK, consequently resulting in an increased chance of
TRAF6 binding to RANK and enhancing osteoclastogen-
esis. HVEM-KO mice exhibited a significant increase in
BMD and BMC at 10 wk of age, suggesting that HVEM
plays a critical role in bone remodeling under physiolog-
ical conditions. Although we cannot exclude the effect of
other molecules binding to HVEM or LIGHT in OC, we
have demonstrated that sSLIGHT increases OC formation
and ROS via HVEM. It is possible that the HVEM/LIGHT
interaction plays a role in elevated bone loss in the pres-
ence of HVEM. The role of HVEM in bone loss has been
implicated by several other studies. A blockade of LIGHT
reduced disease severity in a collagen-induced arthritis
model (25), possibly due to the decreased availability of
LIGHT.

RANKL-induced osteoclastogenesis requires the acti-
vation of several signaling pathways. RANKL recruits
TRAF6 to activate NF-«B (3), which cooperates with ac-
tivated c-Fos and AP-1, all of which are necessary for
NFAT2 induction (26). Once induced, NFAT2 is activated
and amplified by Ca?" signaling. HVEM deficiency de-
creased RANKL-induced NF-«B activation and also re-
duced the level of [Ca®"]i and [Ca®"]i oscillation in a sus-
tained manner upon RANKL stimulation. These results
explain the decreased expression of NFAT2 both at the
mRNA and protein levels in the absence of HVEM. De-
creased NF-kB activation due to HVEM deficiency could
delay cooperation of NFATc2 and NF-«B for the initial
induction of NFAT2 (26). In addition, a lowered Ca**
signal would attenuate autoamplification of NFAT?2.

Although it has not yet been clearly elucidated how
RANKL-induced ROS affects [Ca” " ]i oscillation, both in-
creased levels of ROS and spontaneous [Ca” " i oscillation
are observed in peroxiredoxin II-deficient BMM, resulting
in increased osteoclastogenesis (22). The absence of
HVEM attenuated RANKL-induced ROS generation and
exogenous SLIGHT elevated it, indicating that the
HVEM/LIGHT interaction plays a role in RANKL-in-
duced long-term ROS production. Other work confirms
this; although the response was more immediate than
ours, each respective ligation of CD40 and TNFR also
generates ROS (27, 28) and LIGHT induced ROS pro-
duction (16). The long lasting generation of ROS could be
caused by ROS-induced ROS release (29). Treatment with
a general antioxidant, NAC, abolishes the [Ca**]i oscil-
lation and needs to be continuous for inhibition of OC
differentiation (22), indicating that a sustained level of
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ROS is required for [Ca?*]i oscillation and, consequently,
osteoclastogenesis.

Bone mass is significantly affected by the redox state in
vivo. Ovariectomy causes oxidative stress, resulting in a
decreased level of the thiol antioxidants glutathione and
thioredoxin, as well as their regenerative enzymes (30, 31).
Antioxidants prevent estrogen deficiency-induced bone
loss, whereas drugs to reduce antioxidants induce bone
loss (31). Our findings that lack of HVEM in OC reduced
OC formation and activity as well as long-term ROS gen-
eration iz vitro and increased bone mass in vivo suggest
that HVEM may be a mediator of estrogen deficiency-
induced bone loss by acting as a redox regulator. This
would establish a novel molecular link between ROS and
increased bone loss. Estrogen deficiency could induce
bone loss by up-regulating HVEM, resulting in elevated
OC formation and bone resorption. Further studies to
assess whether estrogen deficiency affects HVEM expres-
sion are currently underway. Tipping the balance between
ROS and antioxidants under pathological conditions
causes oxidative stress and results in bone loss. Further
studies exploring whether HVEM depletes antioxidants
or generates ROS should be conducted. Understanding the
role of HVEM in bone loss as a modulator of the redox
state could aid in the design of a novel therapy for osteo-
porosis by the reduction of oxidative stress.
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