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We previously identified y-glutamyltransferase (GGT) by ex-
pression cloning as a factor inducing osteoclast formation in
vitro. To examine its pathogenic role in vivo, we generated
transgenic mice that overexpressed GGT in a tissue-specific
manner utilizing the Cre-loxP recombination system. Sys-
temic as well as local production of GGT accelerated oste-
oclast development and bone resorption in vivo by increasing
the sensitivity of bone marrow macrophages to receptor ac-
tivator of nuclear factor-«B ligand, an essential cytokine for
osteoclastogenesis. Mutated GGT devoid of enzyme activity

was as potent as the wild-type molecule in inducing osteoclast
formation, suggesting that GGT acts not as an enzyme but as
a cytokine. Recombinant GGT protein increased receptor ac-
tivator of nuclear factor-«B ligand expression in marrow stro-
mal cells and also stimulated osteoclastogenesis from bone
marrow macrophages at lower concentrations. Thus, GGT is
implicated as being involved in diseases characterized by ac-
celerated osteoclast development and bone destruction and
provides a new target for therapeutic intervention. (Endocri-
nology 148: 2708-2715, 2007)

AGE—RELATED DISORDERS of the skeletal system are
a major health problem worldwide (1, 2), and oste-
oclastic bone resorption plays a central role in the patho-
genesis of bone and joint diseases, such as osteoporosis and
rheumatoid arthritis (3). Osteoclasts are multinucleate, giant
cells derived from hematopoietic progenitor cells of mono-
cyte-macrophage lineage and are the only cell type that
resorbs bone to maintain skeletal integrity and calcium ho-
meostasis (4). The dysregulated generation of osteoclasts
with resultant elevation of bone resorption that takes place
after menopause and with aging or as an immune/inflam-
matory response leads to osteoporotic fractures and the joint
destruction associated with rheumatoid arthritis (5). Genetic
studies on human patients as well as mutant mice have
disclosed critical molecules involved in osteoclast develop-
ment, including cytokines, intracellular signaling molecules,
and nuclear transcription factors (3, 4). Among these, the
osteoclastogenic cytokines have received special attention,
because they represent novel targets for the development of
both diagnostic tools and antiresorptive drugs (6). For ex-
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ample, receptor activator of nuclear factor-«B ligand
(RANKL), belonging to the TNF family (6), was identified as
an essential cytokine for osteoclastogenesis, and mice defi-
cient in RANKL were found to lack osteoclasts completely
and to exhibit severe osteopetrosis (7).

In an attempt to identify new cytokines that stimulate
osteoclast differentiation, we employed an expression
cloning strategy, where cRNA from T lymphoma cells
known to possess high bone resorption activity was in-
jected into Xenopus oocytes (8). By assaying the condi-
tioned medium for osteoclastogenic activity in murine
marrow cultures, we identified +y-glutamyltransferase
(GGT) as such a stimulator (9). GGT is an ectopeptidase
that catalyzes the transfer of a y-glutamyl moiety to an
acceptor and plays a critical role in glutathione degrada-
tion and cysteine metabolism (10, 11). Mice deficient in
GGT exhibit growth retardation, cataracts, and severe os-
teoporosis and die at 10-18 wk of age (12, 13). We have
found that purified GGT from rat kidney is capable of
inducing osteoclast formation in bone marrow cultures in
vitro (9), which raises the possibility that its excess may
also be involved in the bone and joint pathology charac-
terized by enhanced osteoclastic bone resorption. The
transgenic mice obtained by the Cre-loxP recombination
system in the present study produce GGT systemically as
well as locally, demonstrating that GGT indeed contrib-
utes to bone destruction, independently of its enzymatic
activity, by acting as a local cytokine.
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Materials and Methods
Reagents

Mouse macrophage colony-stimulating factor (M-CSF) and soluble
RANKL were purchased from R&D Systems (Minneapolis, MN). Rabbit
polyclonal anti-GGT antibody was a generous gift from Dr. N. Taniguchi
(Osaka University, Osaka, Japan).

Generation of transgenic mice and animal experiments

A transgenic cassette (floxed eGFP-GGT) carrying a CAG promoter
and an enhanced green fluorescent protein (eGFP) flanked by loxP sites
fused to mouse GGT ¢cDNA with a polyadenylation signal was con-
structed. Mouse GGT ¢cDNA was synthesized from RNA extracted from
the kidney of C57BL/6 mouse, and Kozac sequences and Myfel restriction
sites were added by using a primer set (5'-CCGCAATTGCCACCAT-
GAAGAATCGGTTTCTGGTGC-3" and 5'-CCGCAATTGTCAGTAGC-
CAGCAGGTTCCCCGCC-3'). This GGT ¢cDNA fragment was inserted
into EcoRI-digested pCXP /loxGFP, which contained CAG promoter and
eGFP (14). The transgenic construct was excised with Sall and HindIIl
endonucleases and purified by using standard techniques.

Founder floxed eGFP-GGT mice were generated by microinjection
of the DNA into fertilized eggs of C57BL/6 mice. Integration of the
transgene was identified by green fluorescence and confirmed by
Southern and PCR analyses of genomic DNA extracted from the tail,
by using the following primers: 5'-GGTGTTCTGCCGCCAAGG-
GAAGG-3" and 5'-GAGACACATCGACAAACTTTGGG-3' for GGT
and 5'-TGAACCGCATCGAGCTGAAGGG-3" and 5'-TCCAGCAG-
GACCATGTGATCGC-3" for eGFP. Floxed eGFP-GGT mice were
crossed with CAG-Cre (15), RANKL knockout (KO) (7), and Col I-Cre
(16) mice, to generate GGT-Tg, GGT-Tg/RANKL KO, and Col I-GGT
mice, respectively.

Mice were raised under standard laboratory conditions at 24 = 2 C
and 50-60% humidity and allowed free access to tap water and com-
mercial standard rodent chow (CE-2) containing 1.20% calcium, 1.08%
phosphate, and 240 IU /100 g vitamin D, (Clea Japan Inc., Tokyo, Japan).
Both male and female mice were analyzed at the age of 9 wk. Urine was
collected during the final 24 h, and blood samples were centrifuged to
obtain the serum.

All experiments were performed in accordance with NCGG'’s ethical
guidelines for animal care, and the experimental protocols were ap-
proved by the animal care committee.

Bone and histological analyses

For bone analysis, right tibiae were dissected and stored in 70%
ethanol for microcomputed tomography (micro-CT) scanning. Left tib-
iae were fixed in 4% paraformaldehyde, and bone histomorphometry
was performed on un-decalcified sections, with tetracycline and calcein
double labeling, as described previously (17). Histomorphometric pa-
rameters were measured at Niigata Bone Science Institute (Niigata,
Japan).

Micro-CT scanning was performed on proximal tibiae by using a
uCT-40 (SCANCO Medical AZ, Bassersdorf, Switzerland) with a reso-
lution of 12 wm, and microstructure parameters were calculated three-
dimensionally as described previously (18).

Biochemistry

Serum and urinary calcium, phosphate, creatinine, and GGT con-
centrations were determined by an autoanalyzer (Hitachi 7170, Tokyo,
Japan). Urinary deoxypyridinoline (DPD) was measured with a
Pyrilinks-D assay kit (Metra Biosystems Inc., Santa Clara, CA). Tissue
GGT activity was determined using a y-GTP C-TestWako kit (Wako Pure
Chemical Industries Ltd., Osaka, Japan) with L-y-glutamyl-p-N-ethyl-
N-hydroxyethylaminoanilide as the substrate and glycylglycine as the
acceptor, as described earlier (19).

Cell cultures and osteoclastogenesis assay in vitro

HEK?293 cells were transfected with the transgenic cassette (floxed
eGFP-GGT) described above, with or without Cre recombinase, to con-
firm that the DNA construct functioned as designed.
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Bone marrow cells were isolated from the tibiae and femurs of 6- to
9-wk-old male C57BL/6] mice (SLC, Shizuoka, Japan), and osteoclas-
togenesis assays were performed as described previously (20). In brief,
bone marrow cells were plated in culture dishes containing «-MEM, 10%
heat-inactivated fetal bovine serum, antibiotics, and 1/10 volume of
CMG14-12 culture supernatant (as a source of M-CSF). After 3 d culture,
adherent cells were used as osteoclast precursor cells. Cells were then
cultured with M-CSF (50 ng/ml) and soluble RANKL (50 ng/ml) for 4 d,
fixed in 4% paraformaldehyde, and stained for tartrate-resistant acid
phosphotase (TRAP). In some experiments, recombinant GGT was
added at various concentrations to the culture. The number of multinu-
cleate (at least three nuclei), TRAP-positive cells was counted as oste-
oclasts. Pit assay was performed on dentin slices as previously described
(20), and analysis of pit area was performed on a Macintosh computer
using the public domain NIH Image program (developed at the United
States National Institutes of Health and available on the internet at
http:/ /rsb.info.nih.gov/nih-image/).

Expression and purification of recombinant GGT

Recombinant GGT protein was generated using the baculovirus/
insect cell system as described previously (21). In brief, human GGT
c¢DNA in a pKBLgp64 vector (Oriental Yeast Co., Ltd, Tokyo, Japan) was
cotranfected with DHBac10 (Invitrogen, San Diego, CA) using Cellfectin
(Invitrogen) into Sf9 cells, which were then infected by the recombinant
viruses. Cells were harvested, and the protein was extracted with 10 mm
sodium phosphate buffer (pH 6.5)/1% Triton X-100 and further solu-
bilized by protease treatment. The solubilized protein was purified
through a hydroxylapatite column and isoelectric chromatography us-
ing PBE 94 (Pharmacia, Piscataway, NJ) and Polybuffer 74. The eluate
was passed through a Sephacryl S-200 HR (Pharmacia) gel filtration
column to remove the Polybulffer.

Site-directed mutagenesis of GGT and retroviral expression

Serine residues at 451 and 452 of mouse GGT were replaced by alanine
by site-directed mutagenesis using the QuikChange Multi Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufac-
turer’s instructions. In brief, oligonucleotide primers containing muta-
tions (5'-GGTAAGCAGCCTCTTGCAGCCATGTGTCCCTCAATC-3’
and 5-GATTGAGGGACACATGGCTGCAAGAGGCTGCTTACC-3')
were annealed to template DNA, and the mutant strand was synthesized
and amplified by using PfuTurbo DNA polymerase (at 95 C for 30 sec,
55 C for 1 min, and 68 C for 5 min for 18 cycles). After the reaction
products were treated with Dpnl endonuclease, the mutated DNA was
transformed into XL 10-Gold ultracompetent cells. Plasmid DNA was
prepared from the transformants, and the mutated sequences were
confirmed.

Retroviral vectors encoding wild-type and mutated GGT were used
to transfect the retrovirus packaging cells, Plat-E (a gift from Dr. T.
Kitamura, University of Tokyo) or GP2-293 (Clontech Laboratories, Inc.,
Palo Alto, CA). Osteoclast precursor cells were exposed to the retrovirus
in the presence of polybrene (4 ug/ml) and M-CSF for 1 d and were
subsequently treated with RANKL and M-CSF for 4 d in the presence
of puromycin (1.6 ug/ml). Osteoclast differentiation was evaluated as
described above. The retrovirus was also infected to primary osteoblasts
isolated from newborn mouse calvaria, and alkaline phosphatase ac-
tivity was assessed.

Northern and RT-PCR analyses

Total RNA was isolated with TRIzol Reagent (Invitrogen), and equal
amounts (10 ug/lane) were fractionated on a 1.5% agarose gel. The specific
mRNAs were detected by hybridization of Hybond N+ nylon membranes
(Amersham Biosciences, Inc., Piscataway, NJ) with 32P-labeled cDNA probes.
For quantitative RT-PCR, total RNA (1 ug) was reverse transcribed by using
Superscript III (Invitrogen); and samples were analyzed using a Light Cycler
system (Roche Diagnostics, Basel, Switzerland). The primers included 5'-
CCCGTGCTGATTCTCATCTT-3' and 5'-GCATAGGCAAACCGAAAGG-3'
for GGT, 5'-TGGAAGGCTCATGGTTGGAT-3' and 5-CATTGATGGTGAG-
GTGTGCAA-3" for RANKL, 5'-GCTGGCTACCACTGGAACTC-3' and 5'-
TGTGCACACCGTATCCTTGT-3' for RANK, 5'-ACCTGTTCGTGAAACA-
CACCA-3" and 5-CTCAGACTGTCCTTCAAGGC-3" for cfos, 5'-
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GCAAAGATGGAAACGACCTTCTAC-3,5'-GGCCAGGTTCAAGGTCAT
GCTCT-3' for cjun, 5'-TGCAAGCGCTCACCGTCTAC-3', 5'-ACCGACA-
GATACTGCTCGCAAA-3" for NFATcl, and 5-TGCTGCCATTGTT-
GATATGG-3' and 5'-TCCACAGCTTTGATGACACC-3' for EF-la. The
amount of target mRNA was corrected by that of EF-1a mRNA.

Western blot analysis

Cells were lysed in the buffer containing 20 mm Tris-HCl (pH 7.5), 150
mwm NaCl, 1 mm EDTA, 1 mm EGTA, 1% Triton X-100, 2.5 mm sodium
pyrophosphate, 1 mm B-glycerophosphate, 1 mm NazVP,, 1 mm NaF,
and 1X protease inhibitor mixture. Cell lysates were boiled in the pres-
ence of SDS sample buffer [0.5 m Tris-HCI (pH 6.8), 10% glycerol, and
0.05% (wt/vol) bromophenol blue) for 5 min and subjected to electro-
phoresis on 10% SDS-PAGE. Proteins were transferred to Hybond-C
extra nitrocellulose membranes from Amersham using a semidry blotter
and incubated in blocking solution (5% nonfat dry milk in Tris-buffered
saline containing 0.1% Tween 20) for 1 h to reduce nonspecific binding.
Membranes were then exposed to anti-GGT antibody overnight at 4 C,
washed three times, and incubated with goat antirabbit IgG horseradish
peroxidase-conjugated antibody for 1 h. Membranes were washed ex-
tensively, and enhanced chemiluminescence detection assay was per-
formed according to the manufacturer’s instructions.

Statistical analysis

Data are expressed as the mean * sp. Statistical analysis was per-
formed by Student’s t test. Values were considered statistically signif-
icant at P < 0.05.

Results
Generation of GGT transgenic mouse

To test whether GGT could induce osteoclast formation
and stimulate bone resorption in vivo, we used the Cre-loxP
recombination system to generate transgenic mice that pro-
duced GGT systemically or locally. As schematically illus-
trated in Fig. 1A, we constructed a transgenic cassette that
carries floxed eGFP fused to mouse GGT cDNA with a poly-
adenylation signal, under the control of the chicken B-actin
(CAG) promoter driving ubiquitous gene expression. When
HEK?293 cells were transfected with this DNA construct,
green fluorescence was observed (Fig. 1B) with little GGT
activity in conditioned medium or cellular extracts (Fig. 1C).
Upon the introduction of Cre recombinase, GGT activity as
well as its mRNA was markedly induced (Fig. 1C), whereas
the green fluorescence gradually weakened (Fig. 1B), indi-
cating that the DNA cassette functioned as designed.

Nine transgenic founders were produced using the standard
pronuclear injection protocol. Floxed eGFP-GGT mice were
identified by their green color (Fig. 1D), and their genotype was
confirmed by the presence of the GGT transgene in genomic
DNA extracted from their tails (Fig. 1E) and by Southern hy-
bridization (data not shown). Floxed eGFP-GGT male mice
were then mated to female CAG-Cre transgenic mice to gen-
erate transgenic lines that produced GGT systemically. Of the
four independent transgenic founders (GGT-Tg lines) obtained,
two (A and B) were found to have lost the Cre gene and there-
fore were propagated for further investigation by mating to
C57BL/6 wild-type females, because their progeny allowed
avoidance of deleterious effects due to the presence of the Cre
gene. Pups of both lines were born at the expected ratio, ap-
peared normal, grew indistinguishably from wild-type mice,
and were fertile. The two lines (A and B) displayed a very
similar phenotype, and the results presented are from GGT-Tg
line A.
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Fia. 1. Generation of floxed eGFP-GGT transgenic mice. A, Sche-
matic representation of the transgenic construct (floxed eGFP-GGT).
eGFP flanked by loxP sites fused to mouse GGT cDNA was placed
under the control of a CAG promoter. Arrows indicate a set of primers
used for confirming integration of the transgene. B and C, GFP ex-
pression in HEK293 cells transfected with the floxed eGFP-GGT
construct without and with Cre recombinase transfection. Green flu-
orescence gradually decreased after introduction of the Cre gene (B),
whereas the content of GGT mRNA and the activity of the enzyme in
the culture supernatant were markedly induced after expression of
Cre recombinase (C). D and E, Floxed GFP-GGT mice were identified
by green color (D), and transgene expression was confirmed by PCR
with the primer set shown in A (E). WT, Wild type.

Northern blot analysis of RNAs extracted from various tis-
sues revealed that GGT mRNA was expressed predominantly
in the kidney of the wild-type mouse, whereas it was found in
a variety of tissues, including bone and bone marrow, in the
GGT-Tgmouse (Fig. 2A). Production of actual GGT protein was
also confirmed by measuring its enzymatic activity. In agree-
ment with the mRNA tissue distribution, GGT enzymatic ac-
tivity was highest in the kidney of wild-type mice, whereas the
GGT-Tg mouse exhibited high enzyme activity in various tis-
sues in addition to the kidney (Fig. 2B).

Systemic overexpression of GGT accelerates bone resorption
and induces osteopenia with microstructural deterioration

GGT-Tg mice grew normally, and their body weight was
indistinguishable from wild-type littermates (Fig. 2C). The
data presented here are based on the analysis of 9-wk-old
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male mice, but a similar phenotype was observed in female
mice. GGT-Tg mice exhibited a high serum concentration of
GGT and significantly higher urinary excretion of DPD, a
biochemical marker of bone resorption, compared with wild-
type mice (Fig. 2D).

The effects of GGT overexpression on trabecular bone struc-
ture in GGT-Tg mice were analyzed by micro-CT scanning of
the tibial metaphysis. As shown in Fig. 3, micro-CT images of

A
B BVTV(%) Tb.N(¢mm) Tb.Th(um)
10
3
*®
2
5
1
0wt Tg 0w Tg WT Tg
Th.Sp SMI Conn-Dens.
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Fic. 3. GGT-Tg mice exhibit osteopenia with microstructural dete-
rioration. A, Representative three-dimensional images obtained by
micro-CT of trabecular bone at the tibiae of wild-type (WT) and of GGT
transgenic (Tg) mice. B, Microstructural parameters are shown. BV/
TV, Three-dimensional-bone volume fraction per tissue volume;
Conn-Dens, connectivity density; Tb.N, trabecular number; Th.Th,
trabecular thickness; Tb.Sp, trabecular separation; SMI, structure
model index. *, P < 0.05; **, P < 0.01 vs. WT (n = 7-9 for each group).

the trabecular compartment of the proximal tibia reveal marked
osteopenia with a substantial reduction in the three-dimension-
al-bone volume fraction (BV/TV). Microstructural analysis re-
vealed the bone of GGT-Tg mice to be characterized by signif-
icant decreases in connectivity and trabecular thickness and
number and by increases in trabecular separation and structure
model index (Fig. 3B), indicating the trabeculae of GGT-Tg mice
had become thinned, less connected, and converted from its
normal plate-like structure to a more fragile, rod-like structure.

The effects of GGT excess on bone remodeling were further
analyzed by histomorphometry at the proximal tibia. As shown
in Fig. 4, as histological indices of bone resorption, the number
of osteoclasts (N.Oc/BS), the bone surface covered by oste-
oclasts (Oc.S/BS), and the eroded surface (ES/BS), were all
significantly elevated in GGT-Tg mice compared with the wild-

N.Oc/BS 0c.S/BS (%) ES/BS (%)
WT Tg WT Tg 0
BFR/BS Ob.S/BS (%) MAR
(mm%'um’/year) (nm/day)
witg 0 witg WT Tg

Fic. 4. GGT-Tg mice exhibit elevated bone resorption with reduced
bone formation. Results of histomorphometry at the tibial metaphysis
are shown. Note that GGT-Tg mice exhibit increases in indices of bone
resorption (N.Oc, number of osteoclasts; Oc.S, osteoclast surface; ES,
eroded surface) and decreases in parameters of bone formation (BFR,
bone formation rate; Ob.S, osteoblast surface; MAR, mineral appo-
sition rate). Data are normalized for bone surface (BS). *, P < 0.05;
# P < 0.01 vs. WT (n = 5 for each group).
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type mice. Unexpectedly, the GGT-Tg mice revealed a lowered
bone formation rate (BFR) with reduced osteoblast surface
(Ob.S) and mineral apposition rate (MAR) (Fig. 4). Taken to-
gether with the elevated DPD excretion in GGT-Tg mice, these
data suggest systemic overproduction of GGT accelerates bone
resorption while suppressing bone formation, thus resulting in
osteopenia.

Mechanism of accelerated bone resorption in GGT-Tg mouse

To gain further insight into the mechanism by which GGT
stimulates osteoclast formation and bone resorption, we
crossed GGT-Tg with mice lacking RANKL, an essential
cytokine for osteoclastogenesis. Trans;enic expression of
GGT caused osteopenia on a RANKL "/~ background (Fig.
5). Homozygous KO (RANKL /") mice exhibited typical
osteopetrosis with failure of tooth eruption and a complete
absence of TRAP-positive osteoclasts, and GGT overexpres-
sion did not rescue these animals from the abnormal phe-
notypes in the absence of RANKL (Fig. 5). These results
provide genetic evidence that RANKL is required for GGT to
induce bone resorption.

Based on these findings, we investigated GGT modulation of
the cellular response to RANKL in the presence of M-CSF. As
shown in Fig. 6A, bone marrow macrophages derived from
GGT-Tg mice gave rise to more and larger TRAP-positive
multinucleate cells in response to RANKL, and quantitation of
TRAP-positive cells with more than three nuclei indicated that
the bone marrow macrophages from GGT-Tg mice generated
significantly more osteoclasts than those from wild-type mice
in response to RANKL. The TRAP-positive cells thus formed
were functional, and those derived from GGT-Tg mice pro-
duced significantly more pits on dentin slices (Fig. 6B). These
results suggest that GGT stimulates bone resorption by mod-
ulating the signaling of RANKL in osteoclast precursor cells of
monocyte-macrophage lineage.

To further substantiate this concept, we extracted RNA from
bone marrow cells and bone cells (cells attached to bone after
flushing out the bone marrow) from both GGT-Tg and wild-
type mice, and gene expression was examined by quantitative

BV/TV(%) 11.7

GGT WT Tg
RANKL +/-

RANKL -/-

Fic. 5. RANKL is required for GGT to induce osteoclast formation.
GGT-Tg mice were crossed with RANKL "'~ mice to obtain the indi-
cated genotypes. Representative micro-CT images of trabecular com-
partments of proximal tibiae are shown with the bone volume fraction
(BV/TV) and the presence or absence of tooth eruption in the respec-
tive genotype. GGT-Tg induces osteopenia as a result of stimulated
bone resorption on a RANKL ™~ background, whereas GGT overex-
pression does not rescue RANKL ™~ mice from their osteoclast-defi-
ciency phenotypes, i.e. osteopetrosis and failure of tooth eruption.
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Fia. 6. GGT increases the sensitivity of bone marrow macrophages
to RANKL. A, Bone marrow macrophages derived from GGT-Tg mice
generated more and larger TRAP-positive osteoclasts than those from
wild-type (WT) bone marrow in response to RANKL. Ex vivo culture
was performed in the presence of M-CSF and RANKL, and the num-
ber of TRAP-positive cells with more than three nuclei was counted.
B, Preosteoclasts were prepared from the bone marrow macrophages
from GGT-Tg and WT mice in the presence of M-CSF and RANKL for
2 d, and then cells were incubated on dentin slices for 2 d. Resorption
pits were stained with Coomassie brilliant blue. **, P < 0.01 vs. WT
(n = 3 for each group). C, Recombinant human GGT (rhGGT) stim-
ulated osteoclast formation in a dose-dependent manner. Bone mar-
row macrophages were cultured with M-CSF (50 ng/ml) and RANKL
(25 ng/ml) in the absence or presence of the indicated concentrations
of recombinant GGT protein. *, P < 0.05; **, P < 0.01 vs. control
cultures without GGT (n = 3 for each group). D, Recombinant human
GGT (rhGGT) stimulated RANKL expression. Marrow stromal cells
were treated with increasing concentrations of recombinant GGT
protein, and RANKL mRNA expression was analyzed by RT-PCR.
GAPDH mRNA was used as an internal control.

RT-PCR. As shown in Fig. 7, expression levels of RANKL
mRNA in the bone fraction and RANK mRNA in bone marrow
cells did not differ significantly between the GGT-Tg and wild-
type mice. In contrast, bone marrow cells from GGT-Tg mice
exhibited significantly higher expression of c-fos, c-jun, and
NFATcl mRNA, which are transcription factors essential for
osteoclastogenesis (22-24) (Fig. 7). The finding that critical pos-
itive regulators known to transmit the osteoclastogenic signal
from the RANK receptor are up-regulated in bone marrow cells
of GGT-Tg mice, although the expression of RANKL and
RANK are unaltered, supports the concept that GGT acts on
hematopoietic cells of monocyte-macrophage lineage to in-
crease their sensitivity to RANKL, thereby stimulating oste-
oclast generation and bone resorption. Also consistent with this
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Fic. 7. Increased expression of c¢-Fos,
c-Jun, and NFATcl mRNA in GGT-Tg
marrow cells. Expression of critical regula-
tors of osteoclast differentiation (RANKL
in bone fraction and other molecules in 4
bone marrow fraction) in GGT-Tg vs. wild-

type (WT) mice was examined. RNA was 2
extracted from bone and bone marrow sep-

arately from three wild-type and three Tg

mice, and mRNA levels were determined 0 0
by quantitative RT-PCR. ** P < 0.01 vs. WT Tg

wild type.

RANKL
(x10%)

notion are the results that recombinant GGT protein was ca-
pable of stimulating osteoclast formation from bone marrow
macrophages in a dose-dependent manner, and a significant
increase in osteoclastogenesis was observed at 30 ng/ml (Fig.
6C). As reported previously (9), recombinant GGT also in-
creased the expression of RANKL mRNA in marrow stromal
cells but only at the highest concentration of 100 ng/ml (Fig.
6D).

GGT-Tg mice produce GGT not only in skeletal tissue but
also in various other tissues and exhibit elevated levels of cir-
culating GGT (Fig. 2, A and D). To rule out the possibility that
bone resorption was stimulated as a secondary effect of sys-
temic overexpression of GGT and to obtain evidence that GGT
acts locally in bone, we next generated transgenic lines that
produce GGT only in bone tissue. Taking advantage of the
original design of our floxed eGFP-GGT construction (Fig. 1A),
which enables tissue-specific expression of GGT, we crossed
floxed eGFP-GGT mice with Col I-Cre mice, which express Cre
recombinase under the control of the 2.3-kb type I collagen
promoter and have been shown to target transgenic expression
specifically in osteoblasts (16), to generate Col I-GGT mice. The
serum GGT concentration of Col I-GGT mice was not increased
(<2 1U/liter), compared with the floxed eGFP-GGT mice used
as a control, indicating that Col I-GGT mice are not character-
ized by systemic overproduction of GGT. TRAP staining of
tibial sections revealed that significantly more TRAP-positive
multinucleate osteoclasts were induced in the skeletal tissue of
Col I-GGT mice than floxed eGFP-GGT mice (Fig. 8A). These
results suggest that systemic elevation of GGT is not a prereg-
uisite for its osteoclastogenic action and are consistent with the
concept that GGT acts locally on bone in stimulating osteoclast
formation.

To determine whether the enzymatic activity is required for
the bone-resorbing activity, we introduced mutations in two
consecutive serine residues at 451 and 452, which are known to
be critical for the catalytic activity, by substituting them with
alanine (S5451A/S452A double mutant). When the point-mu-
tated GGT (pmtGGT) was expressed in HEK293 cells at the
same level as the wild-type molecule, the enzyme activity was
barely detectable in the conditioned medium or in whole cell
extract (Fig. 8B). We then introduced the wild-type or S451A/
S452A GGT into bone marrow macrophages through retroviral
infection and assessed their osteoclastogenic potential. The re-
sults indicate that mutant GGT with essentially no enzyme
activity induced osteoclast formation as potently as the wild-
type GGT (Fig. 8C). Thus, these results can be taken as evidence
that GGT can induce osteoclast development independently of
its enzyme activity and raise the possibility that GGT acts as a
cytokine on hematopoietic cells in the bone marrow. When the

(x10%)

Endocrinology, June 2007, 148(6):2708-2715 2713

c-Jun NFATc1
(x10%) (x10%) ;
3 ok 18 i {xiao'} e
2 12
1 6 4
0 0 0
WT Tg WT Tg WT Tg WT Tg

wild-type or pmtGGT was introduced into primary osteoblasts
by retroviral infection, both molecules reduced alkaline phos-
phatase activity (Fig. 8D), suggesting that GGT can act directly
on osteoblasts to suppress their differentiation.

Discussion

GGT is recognized as a marker of alcohol consumption and
liver disease, and increased serum GGT enzyme activity is a
biochemical hallmark of patients with alcoholism, fatty liver
disease, and biliary tract disorders such as primary biliary
cirrhosis (25). Although it is known that these clinical con-
ditions are risk factors for or complicated by skeletal abnor-
malities (26-28), the underlying molecular mechanisms are
not fully understood. It is demonstrated in the present study
that an excess of GGT causes osteopenia and microstructural
deterioration characteristic of osteoporosis through an ac-
celeration of osteoclast generation and bone resorption. The
serum GGT concentrations in the transgenic model in this
study are in the range of 200 IU/liter, a level often seen in
individuals with moderately excessive alcohol consumption
and in patients with liver and biliary tract diseases. Together
with our in vitro data showing that purified GGT protein at
100 IU/liter is capable of inducing osteoclast formation in
bone marrow cultures (9), it is likely that even moderately
elevated circulating levels of GGT would contribute to the
bone loss associated with these conditions.

Whereas serum GGT activity derives mainly from the liver,
GGT is abundantly expressed in the kidney, pancreas, seminal
vesicle, and small intestine, where this ectoenzyme is located on
the apical membrane (11). GGT is anchored to the plasma mem-
brane with most of the molecule exposed to extracellular space
(11) and is thought to be released by shedding into the serum
as well as urine (29), although the exact molecular form in the
extracellular fluid as well as the mechanism of shedding re-
mains to be determined. GGT catalyzes the transfer of a y-glu-
tamyl moiety to an acceptor and plays a critical role in gluta-
thione degradation and cysteine metabolism (10, 11). Mice
deficient in GGT exhibit accelerated aging, such as gray fur,
cataracts, sexual dysfunction, and severe osteoporosis, and die
at the early age of 10-18 wk due to the lack of GGT enzyme
activity and the resultant cysteine deficiency (12, 13). Osteope-
nia in GGT-deficient mice is associated with decreased bone
formation, which is treatable by supplementation with N-ace-
tylcysteine, suggesting that GGT also plays an important phys-
iological role in regulating bone formation through cysteine
metabolism (13). Taken together with the current results, both
a deficiency and an excess of GGT result in osteoporosis. How-
ever, the osteoporosis is exerted through distinct mechanisms;
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Fig. 8. GGT acts on osteoclast precursors and stimulates osteoclasto-
genesis independently of its enzyme activity. A, Floxed eGFP-GGT mice
were crossed with Col I-Cre mice to generate Col I-GGT mice that ex-
pressed GGT specifically in their osteoblasts. The results of staining for
TRAP in tibial sections from Col I-GGT mice and floxed eGFP-GGT mice
as a control are shown. The number of TRAP-positive multinucleate cells
(MNCs) was counted. *, P < 0.05 vs. wild-type (n = 3 for each group). B
and C, pmtGGT with defective enzymatic activity is capable of inducing
osteoclast differentiation. S451A/S452A double-mutated GGT (pmt-
GGT) was introduced into HEK293 cells at the same level as the wild-
type (WT) protein, and GGT activity in the conditioned media and cell
lysates was determined (B). Bone marrow macrophages were infected
with retroviral vectors encoding WT-GGT or pmtGGT and cultured in
the presence of M-CSF and RANKL, after which the cells were stained
for TRAP activity (C). Note that pmtGGT as well as WT-GGT generated
more and larger TRAP-positive osteoclasts. **, P < 0.01 vs. vector-
infected cultures (n = 4 for each group). D, Primary osteoblasts isolated
from the calvaria were infected with retroviral vectors encoding WT-
GGT or pmtGGT and cultured under osteogenic conditions, after which
the cells were stained for alkaline phosphatase activity.

i.e. the former is caused by suppression of bone formation due
to systemic deficiency in enzymatic activity, whereas the latter
is mainly due to an acceleration of bone resorption by an excess
of GGT, which is independent of the enzyme activity and re-
flects alocal effect. The latter nonenzymatic activity of GGT may
have been masked by the gene knockout, and appreciating its
physiological importance would require the identification of its
mediator, possibly the putative receptor.

The results of experiments exploiting targeted overexpres-
sion of GGT in osteoblasts driven by a type I collagen promoter
suggest not only systemic elevation of GGT but also local pro-
duction of GGT is sulfficient to stimulate osteoclast develop-
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ment. The findings that retroviral transduction of GGT as well
as the addition of recombinant GGT protein in bone marrow
macrophages stimulates osteoclastogenesis and that bone mar-
row macrophages from GGT-Tg mice stimulate increased os-
teoclasts in ex vivo cultures further support the concept that
hematopoietic cells, especially those of monocyte/macrophage
lineage, are the target of GGT in bone. Two cytokines, M-CSF
and RANKTL, are essential for these progenitor cells to undergo
terminal differentiation to become mature, bone-resorbing os-
teoclasts. Genetic evidence has been obtained by crossing
GGT-Tg with RANKL-deficient mice, which shows RANKL is
required for GGT action, because GGT is not able to induce
osteoclastogenesis in the absence of RANKL. Furthermore, our
data show osteoclast progenitor cells from GGT-Tg mice exhibit
an enhanced responsiveness to RANKL, resulting in increased
generation of osteoclasts at the cellular level and increased
expression of critical regulators of osteoclastogenesis, i.e. c-Fos,
c-Jun, and nuclear factor of activated T cells (NFATc1), at the
molecular level. The finding that neither RANKL expression in
stromal cells nor RANK expression in bone marrow cells is
altered in the presence of an excess of GGT further supports the
concept that GGT modulates the signal transduction pathway
after RANKL has bound RANK on the surface of osteoclast
progenitors. We previously reported the addition of purified
GGT protein to marrow stromal cells increased RANKL mRNA
and protein at 3 d post addition, which prompted us to hy-
pothesize that GGT stimulates osteoclast formation indirectly
through increased RANKL expression (9). The stimulatory ef-
fect of GGT on RANKL expression in marrow stromal cells has
been confirmed in the current study using recombinant GGT
protein but needed a greater concentration (100 ng/ml) than the
minimal concentration that exerted the direct effect on bone
marrow macrophages (30 ng/ml). Thus, although the exact
reason for the difference between these findings and the unal-
tered RANKL expression in the stromal cells of GGT-Tg mice
isnot clear, it is likely that hematopoietic cells are more sensitive
to the GGT effect than are stromal cells. Also, differences in the
molecular form of GGT and/or its duration of action (i.e. days
in the in vitro cultures vs. the chronic overexpression for a period
of months in the transgenic mice) may be involved. GGT is
similar to TGF-B in that both cytokines enhance osteoclast dif-
ferentiation from hematopoietic cells in response to RANKL
(30). However, GGT is dissimilar to TGF-8 in that GGT stim-
ulates RANKL expression, whereas TGF-B decreases RANKL
and increases OPG expression in stromal cells (31), resulting in
complex effects on osteoclastic bone resorption.

Finally and most importantly, the osteoclastogenic function
of GGT does not require its enzymatic activity, because the
introduction of point mutations in the amino acids critical for
enzyme activity had no affect on the osteoclast-inducing activ-
ity. These results suggest that a functional domain of GGT
required for stimulating osteoclast differentiation is dissociable
from its enzymatic activity, and raise the intriguing potential of
GGT acting as a local osteoclastogenic cytokine through inter-
action with a receptor molecule. Alternatively, GGT may mod-
ulate the availability of RANKL to RANK through protein-
protein interaction. Additional studies are required to identify
the putative GGT receptor on osteoclast progenitor cells and to
determine whether GGT converges on signaling pathways
downstream of the RANK receptor in a cell-autonomous fash-
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ion or whether GGT action is mediated indirectly through yet
another extracellular signaling molecule.

In conclusion, this study has uncovered a novel function
for GGT in the regulation of osteoclast development. This
does not require the enzyme activity and may represent a
novel mode of action as a cytokine. Given the involvement
of GGT in bone and joint diseases characterized by acceler-
ated osteoclast development, GGT may be a novel target for
the development of diagnostics and therapeutics.
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