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TabLE 1. HISTOMORPHOMETRY OF TRABECULAR BONE OF LUMBAR VERTESRAE

MAR BFR N.Oc/B.Pm
BV/TV (%) 05.5/B5 {%) {umiday) (pn®/um?/day) (/100 mm) Oc.5/BS (%) ES/BS (%)
Male
WT 16.48 = 2,09 627 = 0.63 0.94 £ 0,19 0.08 + 0.02 94,24 > 11.31 210015 3.45 £ 0.49
SRC.J™= 11.53 + 1.39* 9.15 = 0.81* 140 * 0.15* 013 %002 159.05 = 12.02¢ 35060211 573 £ 057
Female
WT 12,97 = 0.65 8.55 * 0.51 102 =011 0.11 > 0.0t 109.66 = 12.64 241 £0.19 3.72+0.25
SRC-17- 773+ 095" 1102+ 1.32 1.42 + 0.08* 0.18 = 0.03* 174,95 = 24,39+ 428+ 031" 6.47 £ 0,217

Parameters for the trabecular bone were measured in an area 0.3 mm in length from cartical bone at the fifth lumbar vartebrae in toluidine blue and calcein

double-labeled sections. Data are expressed as means + SEM (2 = 15/group for males and n =

12/group for females). BV/TV, wabecular bone volume

expressed as a percentage of total tissuc volume; Ob.S/BS, percentage of bone surface covered by cuboidal asteoblasts; MAR, mineral apposition rate; BFR,
bone formation rate expressed by MAR X percentage of bone surface exhibiting double labels plus one half single labels; N.Oc/B.Pm, number of mature
osteoclasts in 10 cm of bone perimeter; Oc.8/BS, percentage of bone surface covered by mature osteoclasts; ES/BS, percentage of sroded surface.

*p < 0.05; Yp < .0i; significantly different from WT mice.

TABLE 2. SERUM AND URINARY BIOCHEMISTRY

Serwm Urine
Osteocalcin Leptin Testosterone  1783-estradiol DPD
ALP (IUsiter) (rg/mi} Ca (mg/dl) P (mg/di) (ng/ml) (ng/mi) (pg/mi) {nM/mM Cr)
Male
wT 78.16 £ 651 2061176 793021 7525049 601074 245>0.33 234 %021 8.29 £ 0.42
SRC-1™= 99.67 £ 8.16% 2642 2,16% BRIl > (.18* 751 %057 745057 341+042% 278+ 028 L3t zo1t
Female
wT 9022 £5.74 2505162 304011 718029 687 +0.67 ND 518 = 0.57 932+ 0.19
SRC-I™" 117432 7.72% 3334 1411 187019 7.15=% 041 818+124 ND 712+ 0.64* 1271 %0.28"
Data are expressed as means = SEM (n = 15/group for males andn = 12/group for females). ALP, alkaline phosphatase; Ca, calcium; P, phosphorus;

DPD, deoxypyridinoline; ND, not detected.

Congentration of DPD was eollected according to urinary ercatinine concentration,

*p < 005, Tp < 0.01; significantly different from WT mice.

sex hormone levels throngh a feedback mechanism becomes
too weak to catch up with the decreased sensitivity to these
hormones by the SRC-1 deficiency.

Adminjstration experiments with steroid hormones re-
vealed that the SRC-1 deficiency caused resistance to os-
teoanabolic actions of sex hormones in gonadectomized
male and female mice. More interesting is that SRC-1™"~
mice exhibited osteopenia under physiological conditions at
24 weeks, suggesting a bone-sparing role of endogenous
SRC-1. This is also likely to be caused by the impairment of
actions of endogenous sex hormones on bone for the fol-
lowing reasons. First, morphological and biochemical anal-
yses revealed that SRC-1™"" mice exhibited the decrease in
trabecular bone with a high turnover state, which is char-
acteristic of the pathology of sex hormore deficiencies.
Second, the serum sex hormone levels were upregulated in
SRC-1™"" mice of both sexes, implicating a compensatory
reaction for the insensitivity to them, Third, in the absence
of sex hormones by gonadectomies, the BMD decreased to
similar levels between WT and SRC-I™" mice. These
results indicate that the SRC-1 function is essential for the
maintenance of bone mass by sex hormones under both
physiclogical and pathological conditions.

In males, as well as activating the AR, androgens can be
converted into estrogens by the enzyme aromarase,®? and

therefore can exert their effects not only through the AR, but
also through the ERs. Because DHT cannot be converted to
estrogens by aromatase, loss of the osteoanabolic effect of
exogenous DHT in SRC-1™" orchidectomized male mice
can be interpreted as a defect in AR, but not ER, signaling.
Furthermore, we and others recently revealed that the
androgen/AR signaling is indispensable for male-type bone
remodeling, independent of the estrogen/ER signaling, by
the analysis of AR-deficient mice.®12 Under physiological
conditions, however, there arc many reports showing the
essential contribution of the estrogen/ER signaling to male
bones. Inhibition of aromatase activity in male rats impairs
bone remodeling and mimics the effect of orchidect-
omy,3339 and the aromatase-deficient mice develop os-
teopenia.®® Two men with mutations in the aromatase
P450 gene exhibited delayed skeletal maturation and os-
teopenia, despite high levels of circulating androgens and
the ability to respond to estradiol.®**” These observations
are similar to those seen in a man with a mutation in the
ER,"® reinforcing the importance of the eswogen/ER sig-
naling in male bones. In addition, the SRC-1 transcriptional
activation of AR is known to be much weaker than that of
ERs.®? Therefore, the bone loss seen in SRC-1™" males
may, at least in part, be caused by impairment of the
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FIG. 4. Effects of gonadectomy and hormone administrations on
BMD of vertebrae in SRC-1™"" and WT littermates. (A and B) Male
WT and SRC-1 ™" littermates were orchidectomized or sham-operated
at 16 weeks of age and implanted subcutaneously with slow-releasing
pellets containing either placebo or DHT (10 mg/pellet). At 16 and 24
weeks of age, BMD of the fifth lumbar vertebras was measured by
DXA. (C and D} Female WT and SRC-J™"" littermates were ovarise-
tomized or sham-operated at 16 weeks of age and implanted subcuta-
neously with slow-releasing pellets containing either placebo or E,
(0.025 mg/pellet). BMD was measurcd as described above, (E and F)
Male WT and SRC-17" littertnates without operation were implanted
subcutancously with stow-releasing pellets containing either placebo or
predaisolone (PSL; 4 mg/pellet} at 16 weeks of age. BMD was mea-
sured as described above. Both the (A, C, and E) raw BMD vatues of
the excised vertebrae at 24 weeks and (B, D, and F) the percent changes
of BMD of the vericbrac measured in situ during 8 weeks were
compared between WT and SRC-I™/~ mice. Data in all graphs are
expressed as means (bars) * SE (error bars) for 8 micefgroup. Signif-
icant difference: *p < 0.05, **p < 0.01. NS, not significant (p > 0.05).

estrogen/ER signaling, as well as of the androgen/AR sig-
naling.

Itis interesting that SRC-1 deficiency caused the decrease
of trabecular bone but not of cortical bone. Similar findings
are reported in a study using the conventional SRC-I knock-
out mice.”” A previous study examining ERa and ERB
expressions by immunohistochemistry in neonatal human
ribs showed that trabecular bone contains both ERs,
whereas only ER e was detected in cortical bone.*® Modder
et al.® also showed that the cancellous bone of the mouse
vertebrae contains both ERs, whereas the cortical bone of
the mouse femur contains exclusively ERa. In addition,
another recent study revealed that, in osteoblastic cells,
SRC-1 potentiates the transcriptional activity of co-
expressed ERo/ERB or ERf alone, with little or no poten-
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tiation of ERee.*? Hence, as Modder et al.®® stated in their
report, at least in females, the discrepancy of the SRC-1
contribution between trabecular and cortical bone may be
caused by the relative expression of ER« versus ERf in the
two Kinds of bone and to the specific interactions of SRC-1
with these receptor isoforms in bone cells. In males as well,
difference of effects on the two kinds of bone can be
explained by the distinctions of expression and activation of
the ER isoforms, because estrogen/ER signaling is impor-
tant in male bone, as described above. Regarding AR, its
distribution in the trabecular and cortical bones remains
unknown, Further studies on the expression and the inter-
action with SRC-1 of AR and ERs will elucidate the clinical
importance of SRC-1 in human bones.

The conventional SRC-1 knockout mice are reported to be
obesity prone under a high-fat diet.“® In this study as well,
our SRC-1""" mice, fed a standard diet, showed higher
body weight and serum leptin levels compared with those of
WT littermates, although both were slight and not statisti-
cally significant. A series of recent reports showed that
leptin, an anorexigenic hormone secreted by adipocytes,
also shows zntiosteogenic action centrally through hypotha-
lami¢ and sympathetic nervous systems.“® However, this
low level of increase in the leptin level seems inadequate to
explain the significant bone loss by the SRC-1 deficiency. In
addition, the SRC-I™" bone exhibited high bone murmover
with stimulated bone formation, which is the opposite of
leptin action.

Nuclear receptors exert their tissue-specific function us-
ing different coactivator/corepressor complexes ingeniously
and appropriately in each tissue.'"1%*) Therefore, it is
possible that not enly the dysfunction of nuclear receptors
or their ligands, but also that of the cofactors, leads to
various disorders. The function of cofactors might explain
the difference among individeals in the sensitivity to hor-
mones and related agents as well. Despite important roles of
sex hormones in bone, the effect of their gain or loss of
function varies widely among individuals, and this has not
yet been fully explained by analyses of the receptor levels.
Accumulated genetic studies have failed to identify a defi-
nite association of the ER or AR gene polymorphisms with
BMD.®® Furthermore, a case of testicular feminization in &
patient without an AR gene mutation was reported as a
possible co-factor disease.“® From the results of this study,
SRC-1 may be a strong candidate that regulates the variety
of the pathophysiology of sex hormone-deficient osteopo-
rosis and therapeutic effects of hormone replacements in
humans, because humans are known 1o be more sensitive to
sex hormone deficiency than mice.
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TaBLE 3. EFFECTs 0F GONADECTOMIES AND HORMONE REPLACEMENTS oN REPRODUCTIVE Tissues

WT SRC-1'~
Sham + Gonadectomy ~ Gonadectomy Sham + Gonadectomy  Gonadectomy
placebo + placebo + hormone placebo + placebo + hormone
Seminal vesicle weights of males ()  0.31 = 0.03 0.03 £ 0.01* 0.35 £ 003 0.28 £0.03 0.03 = 0.01* 0.18 = 0.02*
Uterine weights of females (g) 0.12*+0.02 0.02 *001* 0.13 *0.03 0.11 £ 0.03 0.02 £ 001* 0.05 = 0.02*
Data are expressed as means = SEM (n = 8/group for males and fernales).
*p < 0.01, significantly different from the respective sham group.
tp < 0.01, significantly different from the respective WT mice.
TasLe 4. ComparisoN BeTween Two SRC-17'~ Knockour Mice
Modder et gl This study

Generation of mice

Targeting method Conveational Floxed mice X CMV-Cre transgenic mice
Locus of stop codon Exon 11 Exon 5
Genetic background C57BLSG C5TBL/6
Physiological conditions
Age of analysis 12 weeks 12 & 24 weeks
Skeletal phenotype
12 weeks Normal Normal
24 weeks — QOsteopenia
Hormone administration experiments
Age 12-20 weeks 16-24 weeks
Estrogen action on fomales Decreased Decreased
Estrogen dose/pellet 15 pg/60-d & 60 pg/60-d 25 pg/60-d
Androgen action on males — Decreased
Glucocorticoid action on males — Unaffected
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We examined the in vive role of membrane-bound pros-
taglandin E synthase (mPGES)-1, a terminal enzyme in
the PGEy-biosynthetic pathway, using mPGES-1 knock-
out (KO) mice. Comparison of PGES activity in the mem-
brane fraction of tissues from mPGES-1 KO and wild-type
(WT) mice indicated that mPGES-1 accounted for the ma-
jority of lipopolysaccharide (LPS)-inducible PGES in WT
mice, LPS-stimulated production of PGE,, but not other
PGs, was impaired markedly in mPGES-1-null macro-
Phages, although a low level of cyclooxygenase-2-depend-
ent PGE; production still remained. Pain nociception, as
assessed by the acetic acid writhing response, was re-
duced significantly in KO mice relative to WT mice. This
phenotype was particularly evident when these mice
were primed with LPS, where the stretching behavior
and the peritoneal PGE, level of KO mice were far less
than those of WT mice. Formation of inflammatory gran-
ulation tissue and attendant angiogenesis in the dorsum
induced by subcutaneous implantation of a cotton thread
were reduced significantly in KO mice compared with WT
mice. Moreover, collagen antibody-induced arthritis, a
model for human rheumatoid arthritis, was milder in KO
mice than in WT mice. Collectively, our present results
provide unequivocal evidence that mPGES-1 contributes
to the formation of PGE, involved in pain hypersensitiv-
ity and inflammation.

Prostaglandin (PG)! E, is the most common prostanoid, be-
ing produced by a variety of cells and tissues, and has a broad
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range of biological activity. Recent advances in this research
field have Ied to molecular identification and characterization
of various enzymes involved in the biosynthesis of PGE,, in-
cluding phospholipase A, (PLA,), cyclooxygenase (COX) and
terminal PGE synthase (PGES) (1). Each of these three enzy-
matic steps can be rate limiting for PGE, biosynthesis and
involves multiple enzymesfisozymes that can act in different
phases of cell activation. The PGE, produced thus far is then
released from the cells and acts on the four types of PGE
receptor, EP1, EP2, EP3, and EP4, which are coupled with
trimeric G protein signaling (2).

PGES, which catalyzes the conversion of PGH, to PGE,,
exists as membrane-associated and cytosolic enzymes. Two of
them are membrane-bound enzymes and have been designated
as mPGES-1 and mPGES-2 (3-16). mPGES-1 is a glutathione
(GSH)-requiring perinuclear protein belonging to the MAPEG
(for membrane-associated proteins involved in eicosancid and
GSH metabelism) family (4-6). This enzyme is induced mark-
edly by proinflammatory stimuli, is down-regulated by anti-
inflammatory glucecorticoids, and is functionally coupled with
COX-2 in marked preference to COX-1. Inductien of mPGES-1
expression has also been observed in various systems in which
COX-2-derived PGE, has been implicated to play a critical role,
such as inflammation, fever, pain, female reproduction, tissue
repair, and cancer (4-12), Inducible expression of mPGES-1 is
in part regulated by the mitogen-activated protein kinase path-
ways (13), where the kinases may switch on the inducible -
transcription factor Egr-1 that in turn binds to the proximal
GC box in the mPGES-I promoter, leading to mPGES-1 tran-
seription (14). mPGES-2, which has a catalytic glutaredoxin- or
thioredoxin-like domain and is activated by various thiol re-
agents, is synthesized as a Golgi membrane-associated protein,
and the proteclytic removal of the N-terminal hydrophobic
domain leads to the formation of a mature cytosolic enzyme (15,
16). This enzyme is rather constitutively expressed in various
cells and tissues and is functionally coupled with both COX-1
and COX-2 (16). Cytosolic PGES (¢PGES), a GSH-requiring
enzyme constitutively expressed in a wide variety of cells, is
functionally linked to COX-1, not COX-2, to promote immediate
PGE, production (17). This enzyme is regulated by formation of
a complex with Hsp90, a molecular chaperone (18). In addition,
two cytosolic GSH-S-transferases (p2 and p3) have the abil-
ity to catalyze the isomerization of PGH, te PGE,, at least
in vitro (19).

This paper is available on line at http://www.jbc.org
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The importance of PGE, in various pathophysiclogical
events dictates the necessity to understand the role of each
PGES enzyme in vivo. In fact, biochemical and cell biological
analyses have led to the proposal that among the PGES
enzymes identified so far, mPGES-1 may be most critically
responsible for the production of the PGE, implicated in
various pathophysiological events. An initial study with
mPGES-1 knock-out (X0) mice has reported the essential
role of mPGES-1 in lipopolysaccharide (LPS)-stimulated de-
layed PGE, production by macrophages, although these mice
are fertile, develop normally after birth, and retain LPS-
stimulated production of various cytokines (20). In this study,
we used mPGES-1 KO mice to analyze the role of mPGES-1in
inflammation-associated pain hypersensitivity, tissue gran-
ulation accompanying angiogenesis, and arthritis induced by
collagen antibedy.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6 mice were obtained from Saitama Animal
Center, The mPGES-1 KO mice and littermate wild-type (WT) mice
{CSTBL/G x 129/8vJ background) were described previously (20). Male
mice (7 weeks ¢ld) were used in each experiment. Mice were housed in
microisolator cages in a pathogen-free barrier facility, and all experi-
ments were performed under approved institutional guidance.

Agents—1PS (Escherichia coli 0111:B4), goat anti-mouse vascular
endothelial cell growth factor (VEGF), and indomethacin were pur-
chased from Sigma. Mouse anti-human ¢PLA,a monoclonal antibody
and goat anti-human COX-1 and COX-2 polyclonal antibodies were
purchased from Santa Cruz Biotechnology. Rabbit antibodies against
human mPGES-1 (12), mPGES-2 (16), and cPGES (17) were prepared
as described previously. Rabbit anti-mouse histidine decarboxylase
(HDC) antibody was donated by Dr. S, Tanaka (Kyoto University) (21).
Enzyme immunocassay kits for PGE,, 6-keto-PGF, _ (a stable end prod-
uct of PGL), PGF,,, and thromboxane B, (a stable end product of
thromboxane A,) and the COX-2 inhibitor NS-398 were purchased from
Cayman Chemicals. The COX-1 inhibitor valeryl salicylate was a gen-
erous gift from Dr. W, Smith (University of Michigan). Oligonucleotides
were purchased from Bex,

Measurement of PGES Activity—PGES activity was measured by
assessment of conversion of PGH, to PGE, as reported previously (4).
Briefly, cell or tissue homogenates were centrifuged at 100,000 X g for
1hat4 *°C, and the membrane fractions were used as an enzyme source.
An aliquot (10 pg of protein equivalents) was incubated with 0.5 pg of
PGH, for 30 s at 24 *C in 0.1 m] of 0.1 M Tris-HC} (pH 8.0) containing
1 mM glutathione and 5 pg of indomethacin. After stopping the reaction
by the addition of 100 mM FeCl,, the PGE, content of the reaction
mixture was quantified by use of the enzyme immunoassay kit. .

Preparation and Activation of Peritoneal Macrophages—Peritoneal
cells were recoverad fram mice that had received thioglycollate medium
(Difco) (1 ml/20 g of body weight) 4 days before (22). The peritoneal cells
were seeded into §- or 12-well plates (Iwaki Glass) at a cell density of
10" cells/ml’in 2 ml] (for 6-well plates) or 1 ml (for 12-well plates) of
RPMI medium (Nissui) supplemented with 10% (v/v) fetal calf serum.
After incubation for 2 b in a CO, incubator, the supernatants and
nonadherent cells were removed. More than 90% of adherent cells were
macrophages. Then the cells were incubated with or without 10 pg/ml
LPS in medium containing 2% serum for appropriate periods. The
supernatants were taken for enzyme immunoassay for prostanoids, and
the cells were subjected to Western blotting (see below).

Experiments with mPGES-1 Small Interfering RNA (siRNA)—Two
synthetic hairpin-forming oligonucleotides directed at mPGES-1, 5'-G-
ATCCCGGCCTTTGCCAACCCCGAGTTCAAGAGACTCGGGGTTGG-
CAAAGGCCTTTTTTGGAAA-3' (sense) and 3-AGCTTTTCCAAAAAA-
GGCCTTTGCCAACCCCGAGTCTCTTGAACTCGGGGTTGGCAAAG-
GCCGG-5' (antisense), both of which harbored BamHI and HindITl
sites at their 5'- and 3'-ends, respectively, were annealed, cut with
BamHI and Xbhal, and then ligated into the BamHI/Xbal-digested
pRNA-US.1/Hygro vector (GenScript) using T4 ligase (Takara Biomedi-
cals). After transformation into DH5«-competent eells (TOYORQ), the
plasmid was extracted and purified using the Endofree Plasmid Maxi
Kit (Qiagen).

Transfection of the plasmid inte peritoneal macrophages was per-
formed by lipefection, as described previously (4). Briefly, 5 pg of the
plasmid was mized with 10 ul of LipofectAMINE 2000 (Invitrogen) in
100 g of Opti-MEM (Invitrogen) for 30 min and then added to macro-
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phages in 0.5 ml of Opti-MEM in 12-well plates. After incubation for
24 h, the medium was replaced with 1 al of fresh culture medium and
then incubated with or without 10 ug/ml LPS in medium containing 2%
fetal calf serum for 16 h.

Acetic Acid Writhing Reaction—The writhing reaction was induced in
mice by intraperitoneal injection of 0.9% (v/v} acetic acid solution at a
dose of § mlkg, as described previously (23, 24). In one group of
animals, LPS (10 ug/0.1 m! of saline/mouse) was given intraperitoneally
18 h before the injection of acetic acid solution. A suspension of 1 mg/ml
indomethacin in 1% (w/v) sodium carboxymethylcelluleose solution was
injected subcutaneously into mice {(at final dose of 10 mg/kg indometha-
cin/mouse} 30 min before the injection of acetic acid solution. The
number of writhing respenses was counted every 5 min.

For measurement of prostanoids, mice were sacrificed 15 min after
acetic acid injection, and their peritoneal cavities were washed twice
with Hanles® balanced salt solution (Nissui) containing 10 pm indo-
methacin. The pooled peritoneal fluids were adjusted to pH 3.0 with 1
N HCl and passed through Sep-Pak C18 cartridges (Waters), and the
retained PGs were eluted from the cartridges with 8 m! of methanol, as
described previously (23, 24). A trace amount of PHIPGE, (Cayman
Chemicals) was added to the samples before passage through the car-
tridges to calibrate the recovery of PGs. The solvent of the samples was
evaporated, and then PGs were dissolved in an aliquot of buffer and
assayed with commercial enzyme immunoassay kits for each PG.

Cotton Thread-induced Granulation Tissue Formation—Cotton
threads (Araiwa Co.) were washed overnight with ethyl acetate and
dried at room temperature before being cut into 1-cm lengths (3 mg
weight), and sterilized by dry heat at 180 °C for 2 h. The cotton threads
were implanted subcutaneously into the dorsum of anesthetized mice
by using a 13-gauge implant needle (Natume), as described previously
(25). After appropriate periods, the mice were anesthetized and killed,
and the granulation tissues were dissected together with the cotton
threads and weighed. As required for the experiments, indomethacin (5
mg/kg) or vehicle was injected intraperitoneally every day. The isolated
granulation tissues were washed, cut into small pieces with scissors,
and homegenized with a Polytron homogenizer in a homogenizing
buffer comprising 20 mm Tris-HCl (pH 7.4), 250 mM sucrose, 0.5 mM
EDTA, 10 um indomethacin, 1 uM phenylmethylsulfonyl flucride, and
0.5% (v/v) Triton X-160. The obtained tissue homogenates were centri-
fuged at 3,000 rpm for 5 min, and 200-pl aliquots of the supernatants
were centrifuged again at 14,000 X g for 30 min at 4 °C. Then, the
hemoglobin concentrations in the supernatants were determined spec-
trophotometrically by measuring the absorbance at 540 nm with a
hemoglobin assay kit (Wako), PGs were extracted from the hemoge-
nates with Sep-Pak C18 cartridges and quantified by enzyme immuno-
assay, as described above.

Western Blotting—Aliquots of samples (20-1:g protein equivalents)
were subjected to SDS-PAGE using 7.5% (for ePLA,a and COXs) or
12.5% (for PGESs) gels under reducing conditions. The separated pro-
teins were electroblotted onto nitrocellulose membranes (Schleicher &
Schuell) with a semidry blotter (MilliBlot-SDE system; Millipore). After
blocking with 3% (w#v) skim milk in Tris-buffered saline (TBS (pH 7.4))
containing 0.056% Tween 20 (TBS-Tween), the membranes were probed
with the respective antibodies (1:5,000 dilution for cPLA, &, COX-2, and
PGESs; 1:1,000 dilution for VEGF; 1:2,500 dilution for HDC, and
1:20,000 dilution for COX-1 in TBS-Tween) for 2 h, followed by incuba-
tion with horseradish peroxidase-conjugated anti-mouse (for ¢PLA ),
anti-rabbit (for PGESs and HDC), or anti-goat (for COXs and VEGF)
IgG antibody (1:5,000 dilution in TBS-Tween) for 2 b, and were visual-
ized with the ECL Western blot system (PerkinElmer Life Sciences), as
described previously (4).

Immunohistochemistry—Formalin-fixed, paraffin- embedded sec-
tiona of the granulation tissue sections were incubated with Target
Retrieval Solution (DAKO) as required, incubated for 10 min with 3%
(v/v) H,0,, washed three times with TBS for 5 min each, incubated for
30 min with 5% (v/) skim milk, washed three t{imes with TBS-Tween
for 5 min each, and incubated for 2 h with anti-mPGES-1 antibody in
TBS (1:100 dilution), After five washes, the sections were treated with
the CSA system staining kit (DAKO) followed by counterstaining with
hematoxylin and eosin, as described previously (12).

Arthritis Model—Arthritis was induced in mPGES-1 KO and WT
mice by the modified method of Terato ef al. (26, 27). Briefly, mice were
injected intraperitoneally with 10 mg of anti-type II collagen mono-
clonal antibodies (Immuno-Biological Laboratory) on day 0. On days 2
and 7, 50 ug of LPS (100 pl of 500 pg/ml solution in saline) was injected
intraperitoneally followed by an intermittent LPS injection every 3
days to the end of the experiments. As a control, 2.5 or 0.1 m! of saline
was injected in place of the antibodies or LPS, respectively. The clinical
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F1G. 1. PGES enzymatic activities in tissues of WT and mPGES-1 KO mice. A, fissues from WT and mPGES-1 KO mice treated for 24 h
with (+) or without (—) LPS were homogenized, and PGES enzymatic activities in their membrane fractions were assessed. *, p < 0,05 versus each
LPS-untreated group of WT mice; **, p < 0.05 versus LPS-untreated kidney of KO mice (n = 3-4). B, expression of mPGES-1 in several tissues
of WT and KO mice with or without LPS treatment as assessed by Western blotting. Representative results of three or four independent

experiments are shown,

severity of arthritis was graded on a 0-3 scale as follows: 0, normal; 1,
swelling of ankle or wrist, or limited to digits; 2, swelling of the entire
paw; 3, maximal swelling. Each limb was graded by a single blinded
observer, allowing a maximum arthritis score of 12 for each animal. On
day 28, the mice were anesthetized with ketamine/xylazine solution
and a radiograph was taken with a soft x-ray apparatus (CMB-2;
SOFTEX). After perfusion of mice with 4% (w/v) buffered paraformal-
dehyde, fore and right hind limbs were removed, decalcified in 10%
(w/v) EDTA, and embedded in paraffin, and 5-um sections were stained
with hematoxylin and eosin or toluidine blue. Bone regorption was
evaluated by the tartrate-resistant acid phosphatase (TRAP) staining of
the carpometacarpal joints, TRAP-positive cells were stained at pH 5.0
in the presence of L{+)-tartaric acid using naphthol AS-MX phosphate
(Sigma) in N N-dimethylformamide as the substrate. The specimens
were subjected to histomorphometric analyses using a semiautomated
system (Osteoplan IT; Carl Zeiss), and measurements were made at a
magnification of X400, Osteoclast number and eroded surface were
measured at the carpometacarpal joints in the metacarpal bones.

After perfusion fixation, left femora and tibiae were excised and bone
mineral density (BMD) was measured by dual energy x-ray absorpti-
ometry using a bone mineral analyzer (DCS-600; Aloka Co.). To evaly-
ate bone destruction of the knee joint area, BMDg of four equal longi-
tudinal divisions in femur and tibia were measured, and the BMD
around the knee joint was expressed by the sum of those in the distal
one-fourth of femur and in the proximal one-fourth of tibia (28).

On day 6, all four paws including wrist or ankle joints were
collected and homogenized in a homogenizing buffer. Then, aliquots
were taken for PGE, enzyme immunoassay and Western blotting, as
described above,

Other Methods—Pratein concentrations were determined by a bicin-
choninic acid protein assay kit (Pierce} with bovine serum albumin
(Sigma} as a standard. Data were analyzed by Student’s £ test. Results
are expressed as the mean * S.E, with p = 0.05 as the limit of
significance,

RESULTS

mPGES-1Is a Mujor Inducible PGES in Vivo—TFig. 14 illus-
trates PGES enzymatic activities in the membrane fraction of
various tissues from mPGES-1 KO and WT mice with or with-
out 24-h treatment with LPS, Basal PGES activities (i.e. with-
out LPS administration) in the brain, heart, intestine, and ear
were similar between WT and KO mice, whereas the activity in
the kidney of WT mice was about 4-fold higher than that of KO
mice {Fig. 14). Treatment of WT mice with LPS resulted in
3~8-fold increases in PGES activity over the basal levels of the
individual tissues. In tissues of mPGES-1 KO mice, LPS-stim-
ulated increases in PGES activity over the basal levels were

only modest, although <2-fold increases were consistently ob-
served in all tissues examined (Fig. 1A).

Immunobletting of the membrane fractions of individual
tissues revealed that the expression of mPGES-1 was mark-
edly induced in tissues of WT mice, whereas no mPGES-1
protein was detected in tissues of KO mice (Fig. 1B). Consti-
tutive expression of mPGES-1 was seen only in the kidney of
WT mice (Fig. 1B), in agreement with a recent immunohis-
tochemical study demenstrating the expression of mPGES-1
in the epithelia of distal tubules and medullary collecting
ducts in this organ (29). In the brain (Fig. 1B), heart, and ear
(data not shown), LPS-induced COX-2 expression in KO mice
was similar to that in WT mice. In the intestine and kidney,
COX-2 expression in LPS-treated KO mice was significantly
lower than that in replicate WT mice (Fig. 1B), suggesting
that mPGES-1-derived PGE, amplifies COX-2 induction in
these tissues, Thus, mPGES-1 represents a major inducible
membrane-associated PGES in various tissues of LPS-
ireated mice. However, the fact that substantial levels of
PGES activity still exist in tissues of KO mice implies the
presence of another membrane-bound PGES that is ex-
pressed rather constitutively.

Evaluation of the Role of mPGES-I in PGE, Production by
LPS-stimulated Macrophages—Accumulating evidence suggests
that delayed PGE, production by LPS-stimulated macrophages
depends on inducible COX-2 and mPGES-1 (4, 20, 22). To reeval-
uate the contribution of mPGES-1 to this event, we first took
advantage of siRNA technology. As shown in Fig. 24, ex vivo
stimulation of C57BL/6 mouse-derived thioglycollate-induced
peritoneal macrophages with LPS led to a2 marked increase in
PGE, production, which was accompanied by de nove induction
of COX-2 and mPGES-1. This PGE,-biosynthetic response was
reduced dramatically in replicate cells transfected with
mPGES-1 siRNA, in which mPGES-1 expression was greatly
decreased without reduction of COX-2 expression (Fig. 24). This
indicates that mPGES-1 contributes to the production of the
majority of PGE, in LPS-stimulated macrophages.

Consistent with this observation, LPS-stimulated PGE, pro-
duction was impaired markedly in macrophages derived from
mPGES-1 KO mice relative to those derived from WT mice over
the entire culture period (Fig. 2B). Constitutive expression of



Analyses of mPGES-1-deficient Mice 33687
AL B c
cs7ole WT
= . L -
3" g~ o
I.I? £ -
g™ )
o 3 L -
-9
» _ [ | -
= - A COY2 L L
(s "7 ewozs. C1E
w o- o+ - % ‘;Im’m)- »
[ ] -’3'
B E
PoFy C R 7
. .
E - 1 =
¢ IF ;.
g | I o
a s 1 l - - E .
e e T Ty T T ‘-+;;-+;:Lrs wr xo
W Ko “Wr Tro WT Ko T r7:)

Fig. 2. mPGES-1 is an essential component for PGE,; production by LPS-stimulated macrophages. A, peritoneal macrophages derived
from C57BL/6 mice were transfected with mPGES-1 siRNA or mock control and then treated for 24 h with (+) or without (-)LPS. PGE, released
into the supernatants was quantified. Cells were subjected to Western blotting for COX-2 and mPGES-1 (bottom). B, peritoneal macrophages
obtained from WT and mPGES-1 KO mice were incubated for the indicated periods with or without LPS to assess PGE, release. PGE, production
by KO macrophages is magnified in the inset. C, Western blotting of the PGE, biosynthetic enzymes in WT- and KO-derived macrophages after
24-h culture with (+) or without (-} LPS. D, production of other PGs by WT and KO macrophages after 24-h culture with (+) or without (—) LPS.
E, effects of COX isozyme-selective inhibitors on LPS-stimulated PGE, production by WT and KO macrophages. F, numbers of macrophages
recovered from the peritoneal cavities of thioglycollate-treated WT and KO mice. In B, D, and F, values are the mean * S E. of four independent
experiments. A representative result of two reproducible experiments is shown in A, C, and E.

cPLAza, COX-1, cPGES, and mPGES-2 (appearing as a dou-
blet, reflecting the processed and unprocessed forms (16)) and
inducible expression of COX-2 were similar between WT- and
KO-derived macrophages (Fig. 2C), indicating that mPGES-1
deficiency does not affect the expression of other enzymes im-
plicated in PGE, synthesis in these cells. The levels of other
prostanoids, including PGF,,, thromboxane A,, and particu-
larly PGI,, produced by mPGES-1 KO cells were modestly
higher than those produced by WT cells (Fig. 2D), which may
reflect a shunting effect because of the defect of the metabolic
flow from PGH, to PGE,.

It should be noted, however, that a small but significant
production of PGE; was still observed in mPGES-1-deficient
macrophages (Fig. 2B), The level of PGE, released by mPGES-
1-null macrephages reached as much as 8% of that produced by
WT cells after 12-h culture with LPS (Fig. 2B, inset). To assess
which COX isoforms contribute to PGE, production in mPGES-
1-deficient macrophages, the effects of specific inhibitors of
COX-1 (valeryl salicylate) and COX-2 (NS-398) on PGE, gen-
eration were examined. As shown in Fig. 2E, PGE, production
was reduced markedly by NS-398, whereas valeryl salicylate
was without effect in both WT and KO cells. This result indi-
cates that the small production of PGE, observed in mPGES-
1-null macrophages still depends largely on COX-2. Because
mPGES-2 and cPGES were expressed in these cells (Fig. 2C),
this small PGE, production might occur through these
enzymes,

During the course of this study, we noted that the number of
macrophages recovered from the peritoneal cavity 4 days after
the injection of thioglycollate was significantly lower in
mPGES-1 KO mice than in WT mice (Fig. 2F). This result
suggests that mPGES-1-derived PGE, may participate in the
migration of macrophages into inflamed sites, an event also
found in the model of inflammatory granulation tissue forma-
tion (see below).

Participation of mPGES-1 in Pain Nociception—During the

inflammatory reaction, pain is produced through complex in-
teractions between various inflammatory mediators, one of
which is PGE,. Studies using COX inhibitors as well as PG
receptor-deficient mice have established the important role of
PGE, as well as PGI, in pain nociception (24, 30-32), We
therefore used the acetic acid writhing test to evaluate the
contribution of mPGES-1 to the production of PGE, inveolved in
nociceptive pain perception. We were particularly interested in
inflammatory pain hypersensitivity in LPS-pretreated animals
because the expression levels of both COX-2 and mPGES-1 are
markedly elevated after LPS treatment (Figs. 1 and 2).
Injection of acetic acid into the peritoneum of WT mice in-
duced stretching behavior, which peaked at 5-10 min and then
declined gradually over 30 min (Fig. 3A, upper panel). This
basal writhing response was augmented significantly at all
time points if LPS had been injected into mice 24 h before acetic
acid injection (Fig. 34, lower panel). Notably, the LPS-primed,
acetate-induced pain response was reduced markedly in
mPGES-1 KO mice compared with that in replicate WT mice
over the entire experimental period (Fig. 3B, lower panel).
Under LPS-unprimed (basal) conditions, the writhing response
of mPGES-1 KO mice was also significantly less than that of
WT mice {Fig. 3B, upper panel), although the difference be-
tween WT and KO mice was less obvious than that observed
after LPS priming. Thus, the total numbers of stretching of
mPGES-1 KO mice over the initial 15 min after acetic acid
administration were reduced by ~45 and ~80% relative to
those of WT mice under basal and LPS-primed conditions,
respectively (Table I). Both the basal and LPS-primed writhing
responses of WT mice were reduced by 70-80% by treatment
with indomethacin (Fig. 3C). These results collectively suggest
that mPGES-1-derived PGE, is a main mediator of LPS-primed
pain hypersensitivity, whereas the basal pain response may
also involve PGE, produced by other PGES(s) or other addi-
tional prostancid(s) such as PGI,, because this pain response is
reduced markedly in mice lacking the PGI receptor IP (24, 30).
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Fig. 3. Impaired pain hypersensitivity in mPGES-1-deficient mice. A-C, the acetic acid writhing reaction of WT (4 and ) and mPGES-1
KO (B) mice before (upper) and 24 h after (lower) treatment with LPS. In C, indemethacin was administered to WT mice 2 h before acetic acid
challenge. Values are the mean + S.E. (n = 12-13; *, p < 0.05). D, levels of prostanoids in the peritoneal cavities of LPS-primed ({ower) and

unprimed (zpper) mice 15 min after injection of acetic
are the mean £ SE. (n = 7; *, p < 0.05),

Taste |
Reduced pain response in mPGES-1 KO mice
The total numbers of writhing reaction over the initial 15 min after
the acetic acid administration are shown. Values are the mean * S.E.
(n = 12-13). *, p < 0,05 versus WT without LPS priming; **, p < 0.05
versus respective WT control. IM, indomethacin.

Mice LPS priming writhing
W - 10.3=0.9
WT + 201 =24 *
KO - 5.5 = 0.6**
KO + 7.1 £ 0.6**
WT + IM - 3.0 = 0.8%
WT + IM + 4.5 = 0.6**

In WT mice, the level of PGE, in the peritoneal cavity 15 min
after acetic acid injection was about 6-fold higher in the LPS-
primed group than in the LPS-unprimed group (Fig. 3D), in
agreement with the elevated expression of COX-2 and
mPGES-1 in response to LPS (see Figs. 1 and 2). In mPGES-1
KO mice, peritoneal PGE, levels were reduced only by ~15%
(this difference was statistically insignificant) and by as much
a5 ~70% compared with those in WT mice under the basal and
LPS-primed conditions, respectively (Fig. 3D). Given that the
reduction of the peritoneal PGE, level is less marked than that
of the writhing response in KO mice, particularly under LPS-
unprimed condition, we speculate that PGE, produced in the
spinal cord and dorsal root ganglia, in which a trace level of
mPGES-1 is constitutively expressed (33), might also affect
pain perception by spinal neurons. As reported previously (23,
24), PGI, is the major prostanoid released into the peritoneal
cavities of mice during the acetic acid writhing response with or
without LPS priming (Fig. 3D). Consistent with the elevation of
COX-2 expression after LPS treatment, the peritoneal PGI,
level was 1.8-fold higher in LPS-treated than in untreated WT
mice (Fig. 3D). Interestingly, the levels of PGI, in mPGES-1
KO mice were significantly lower than in WT mice after LPS
priming (Fig. 3D), suggesting partial dependence of PGI, syn-
thesis on mPGES-1-derived PGE, in this setting. Production of
PGF,, was increased 3-fold after LPS priming and was unaf-
fected by mPGES-1 deficiency in both basal and LPS-primed
situations (Fig. 3D). The greater -fold increase in PGF,, than in

acid. Levels of PGE; and PGF,, in LPS-unprimed mice are magnified in the inset. Values

PGIL, after LPS treatment may reflect distinct functional eou-
pling between COX-2 and various terminal synthases (34) or
LPS-mediated induction of PGF,,_ synthase (35). Indomethacin
treatment of WT mice reduced the peritoneal PGI, levels by
>90% with or without LPS priming (data not shown), indicat-
ing that the reduced writhing response by indomethacin (Fig.
3C) is related to almost complete inhibition of COX enzymes.

Farticipation of mPGES-1in Inflammatory Granulation and
Angiogenesis—Subcutaneous implantation of a cotton thread
in the dorsum of mice induces formation of granulation tissue
with angiogenesis (25). As shown in Fig. 44, granulation tissue
formation and angiogenesis around the implanted cotton
thread were obvious in C57B1/6 mice, events that were ame-
liorated in replicate mice treated with indomethacin, implying
the involvement of prostancid(s). Quantification studies re-
vealed that the weighta of and the levels of hemoglobin (an
indicator of angiogenesis) and PGE, in the granulation tissue
were reduced significantly in indomethacin-treated mice com-
pared with vehicle-treated mice (Fig, 4B).

To evaluate the contribution of mPGES-1 to this inflamma-
tory process, cotton threads were implanted into the dorsum
tissues of mPGES-1 WT and KO mice. As in the case of
C57BL/6 mice, progressive formation of granulation tissue and
vascular networks in the subcutaneous tissues around the im-
planted cotton thread was visually obvious in WT mice, and
this process peaked on day 5 (Fig. 4C). In comparison, forma-
tion of granulation tissue and blood vessels appeared mild in
mPGES-1-deficient mice (Fig. 4C). Accordingly, there was a
significant increase in the wet weight of the cotton thread-
associated granulation tissue in WT mice over days 5-7,
whereas this increase was not observed appreciably in
mPGES-1 KO mice (Fig. 4D, left panel). Angiogenesis, as quan-
tified by hemoglobin levels, in the granulation tissue peaked on
days 3-5 in WT mice and then declined, and there was ~50%
reduction in hemoglobin levels in KO mice relative to WT mice
(Fig. 4D, middle panel). PGE, levels in the granulation tissue
of WT mice peaked on days 1-3 and then declined (Fig. 4D,
right panel), Thus, it appears that increased PGE, production
kinetically precedes angiogenesis, followed by granulation tis-
sue formation in WT' mice. In mPGES-1 KO mice, PGE, levels
were almost constant throughout the experimental period, and
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Fie. 4. Reduced inflammatory granulation tissue formation and angiogenesis in mPGES-1 KO mice, A and B, a cotton thread was
implanted subcutaneously in the dorsum of C57BL/6 mice with or without indomethacin (ZM) treatment, After taking photographs on day 5 (4),
changes in wet, weights of, and hemoglobin and PGE, levels in, the isolated granulation tissues were quantified (B). Values are the mean + S.E.
(n =7, % p < 0.05 versus replicate WT mice). C-F, a cotton thread was implanted subcutaneously in the dorsum of WT and mPGES-1 KO mice.
Photographs indicate granulation tissues and vascular networks arcund the cotton thread on days 1, 3, 5, and 7 (C), and changes in wet weights
of, and hemoglobin and PGE, levels in, the granulation tissues wera quantified (D). Values are the mean * SE. (n = 12-13; %, p < 0.05 versus
replicate KO mice). The time course of expression of COX-2, mPGES-1, VEGF, and HDC by day 5 (E) and the expression of COX-1 and mPGES-2
on day 5 (F) in the gragulation tissues were assessed by immunoblotting. Representative results of more than five experiments are shown in A,

C.E,and F.

there was no increase in PGE, during days 1-3 (Fig. 4D, right
parel). On day 7, the hemoglobin and PGE, levels in the gran-
ulation tissue of WT mice returned to levels comparable with
those of KO mice (Fig. 4D).

As assessed by immunoblotting, COX-2 and mPGES-1 were
not expressed in the normal dorsum of WT mice (data not
shown) and were markedly induced in the granulation tissue
formed after cotton thread implantation (Fig. 4E). The induci-
ble expression of COX-2 reached a peak ont days 1-3 and then
declined (Fig. 4E), thus roughly coinciding with the levels of
PGE; in the granulation tissue (Fig. 4D, right panel). The
expression level of COX-2 was slightly higher in WT mice than
in KO mice on day 3, The expression of mPGES-1 reached a
plateau peak on days 3-5 in WT mice, whereas mPGES-1 was
absent from KO mice over the whole period (Fig. 4E). Expres-
sion of COX-1 and mPGES-2 was unchanged over the experi-
mental period and was similar between WT and KO mice
(Fig. 4F).

Granulation tissue formation and angiogenesis observed in
this model depend on the up-regulation of VEGF, an essential
angiogenic factor, and HDC, an enzyme required for the syn-
thesis of histamine (25). We therefore assessed by immunoblot-
ting the expression of VEGF and HDC in the granulation tissue
of mPGES-1 KO and WT mice. Although the expression levels
of VEGF were similar between WT and KO mice on day 1, there
were significant elevations in VEGF expression in WT mice
campared with KO mice on days 3-5 (Fig. 4E). The expression
levels of HDC, which appeared as 70- and 55-kDa forms, were
significantly higher in WT mice than in KO mice over the whole
experimental perieds (Fig. 4E). These results suggest that

mPGES-1-derived PGE, plays an augmentative role in the
expression of VEGF and HDC.

Histological analyses of the granulation tissues revealed the
presence of a fibroblastic layer around the implanted cotton
thread, which was thicker in WT mice than in mPGES-1 KO
mice (Fig. 5, A and B). The smooth musele layer in WT mice
was edematous, an event that was less clear in KO mice (Fig.
5A). In addition, more capillary vessels were found in the
fibreblastic layer of WT mice than in that of KO mice (Fig. 5B).
For quantification of capillary vessel formation, we took seven
digital images of randomly selected areas of the granulation
tissue of WT and KO mice, and the numbers of capillary vessels
and the pixels of vessel areas (as an indication of vessel vol-
umes) were evaluated. As a result, the numbers of capillary
vessels of WT and KO mice/digital image were 23.3 + 4.7 and
11.7 = 1.4 (p < 0.05), respectively, and the pixel numbers were
9,800 = 1,500 and 4,200 * 750 (p < 0.05), respectively, thus
revealing ~50% reduction in capillary vessel formation (in
terms of both numbers and sizes) in KO mice compared with
WT mice. Immunchistochemical staining of these tissues with
anti-mPGES-1 antibody showed that mPGES-1 immunoreac-
tivity was distributed mainly in macrophages infiltrating into
the fibroblast layer of WT mice (Fig. 5, C and D). Fewer macro-
phages were found in replicate KO mice, from which mPGES-1
immunoreactivity was absent.

Participation of mPGES-1 in Inflammatory Arthritis—Ex-
perimental and clinical evidence suggests that PGE, is a crit-
ical mediator of rheumatoid arthritis in humans and in related
animal models (36-—-42). Therefore, we next examined the con-
tribution of mPGES-1 to collagen antibody-induced arthritis
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Fic. 5. Histological analyses of cot-
ton thread-induced granulation tis-
sues. A and B, hematoxylin and eosin
staining of the 5-day granulation tissues
from WT and KO mice at low {A) and high
(B) magnifications. Arrow and asterisks in
A indicate the edematous lesion in the
smocth muscle layers and the positions of
the implanted cotton thread, respectively.
Arrowheads in B indicate capillary ves-
sels in the fibroblastic layers, C and D,
immunohistochemical staining of the
granulation tissues with anti-mPGES-1
antibody at low (C) and high (D) magnifi-
cations, Scattered staining of mPGES-1
was found in WT, but not KO, mice. As-
terisk in C indicates the position of the
cottonr thread, and arrowheads in D indi-
cate macrophage-like cells,

(CAIA), an experimental animal model for human rheumatoid
arthritis. Compared with classical collagen-induced arthritis
(CIA), the induction of which is limited to only a few strains
such as DBA/1 (43), the CATA model has the great advantages
of applicability to various strains, rapid induction, and high
incidence of arthritis. To this end, a mixture of anti-type II
collagen monoclonal antibodies was administered to mPGES-1
KO and WT mice with C57BL/§ X 129/SvJ background. How-
ever, after application of the antibody mixture plus only one
injection of LPS (on day 2), active inflammation declined after
2 weeks so that we were unable to observe obvious bone de-
struction radiographically (data not shown), We therefore per-
formed booster injections of LPS into these mice every 3 days
from day 7, which eventually allowed sustained arthritic in-
flammation over 4 weeks,

The arthritis score in WT mice began to rise on day 4,
reaching a peak value (score ~7) on days 7-10, and then
decreased gradually to a still elevated score of 5 by 4 weeks
(Fig. 64}, Although replicate mPGES-1 KO mice also developed
arthritic symptoms during the same period, there was a signif-
icant reduction in the severity of the disease in mPGES-1 KO
mice compared with WT mice (40~50% reduction from days 7
to 28). In contrast to the reduced severity, however, the inci-
dence of arthritis was 100% in both WT and KO mice. On day
6, when the arthritis was developing (Fig. A), PGE, levels in
all four paws of arthritis-induced WT and KO mice were in-
creased significantly over those in their respective saline con-
trol groups (Fig. 68). Importantly, there was a ~50% reduction
in the PGE, level in arthritis-induced KO mice relative to that
in replicate WT mice (Fig. 6B). As assessed by immunoblotting,
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A

Fi15. 6. Reduced severity of CAIA in
mPGES-1 KO mice. mPGES-1 KO and
WT mice were injected with anti-collagen
maonoclonal antibodies (mAbd) on day 0
and boosted with LPS on days 2 and 7,
followed by intermittent LPS injections
every 3 days. A, the clinical arthritis score
was graded on a 0-3 scale as described
under “Experimental Procedures.” Values
are the mean + SE,. (n = 10-11; %, p <
0.05 wversus monoclonal antibody/LPS-
treated WT mice on each day). B and C,
all four paws of mice in each group were
removed on day 6, and homogenized tis-
sues were subjected to PGE, measure-
ment {(B) and Western blotting (C). In B,
values are the mean * S.E.(n = 3;*,p <
0.05 versus replicate WT mice).
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the expression of COX-2 and mPGES-1 was increased mark-
edly, whereas that of mPGES-2 and ¢PGES remained un-
changed, in arthritis-induced WT mice (Fig. 6C). In mPGES-1
KO mice, the inducible expression of COX-2 and constitutive
expression of cPGES and mPGES-2 were similar to those in WT
mice, whereas mPGES-1 was absent.

Histopathological examination using knee joint sections of
arthritis-induced mice on day 28 revealed notable joint destruc-
tion in WT mice (Fig. 7A, upper two panels). Cartilage degen-
eration was also evident in the toluidine blue-stained sections
(Fig. TA, lower two panels), which is suggestive of significant
proteoglycan loss in articular cartilage of WT mice. In contrast,
these histopathological changes were rather mild in arthritis-
induced KO mice (Fig. 7A, right panels). We further compared
the arthritis-induced bone loss between the two genotypes by
measuring BMD of the periarticular region. The decrease in
BMD of diseased WT mice relative to control WT mice was
nearly 20%, whereas that of KO mice was only 12%, thereby
revealing about 40% less BMD loss in KO mice than in WT
mice (Fig. 7B).

Fig. 7C shows radiographs of forepaws and histologies of the
TRAP staining of the metacarpal bones in arthritis-induced
WT and KO mice on day 28. Bone erosion and periositis were
cbvious in WT mice but were not clear in KO mice. Further-
more, histomorphometric parameters of bone resorption,
namely osteoclast number and percent eroded surface, were
much more increased by arthritis in WT mice than in KO mice
{Fig. TD). Collectively, these results indicate that mPGES-1-
derived PGE, may be involved in development of CATA and the
accompanying joint destruction.

DISCUSSION

In keeping with various pathephysiclogical roles of PGE,, as
demonstrated by pharmacological inhibition and gene target-
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ing of COX-2 and the four PGE receptors EP1-EP4 (1, 2), we
used mPGES-1-deficient mice (20) to evaluate the in vivo func-
tions of mPGES-1, a terminal PGE,-biosynthetic enzyme that
is markedly up-regulated during inflammatory responses (3—
14}, We provide unequivocal evidence that mPGES-1 plays a
pivotal role in the production of PGE, linked to inflammatory
pain hypersensitivity, inflammatory granulation associated
with angiogenesis, and inflammatory arthritis accompanying
bone destruction. Even though significant PGES enzymatic
activity, which may be ascribed to mPGES-2, ¢PGES, or possi-
bly other as yet unidentified enzymes, still exists in various
tissues and cells of mPGES-1 KO mice, mPGES-1 accounts for
the majority of the inducible PGES activity (Fig. 1), and im-
portantly, it contributes far more critically to the propagation
of inflammatory responses, This conclusion is supported by the
facts that mPGES-1 exhibits the highest catalytic activity
among the PGES enzymes identified so far (11) and that this
enzyme shows preferential, if not strict, coupling selectivity
with COX-2, an inducible COX isoform that has been impli-
cated in various inflammatory disorders (4). OQur results are in
many aspects consistent with a recent report by Audely and
co-workers (44), who also demonstrated reduced pain nocicep-
tion and inflammatory arthritis in their mPGES-1 KO mice,
although there are some subtle differences in the evaluations of
the results,

No doubt, PGE, is a critical modifier of pain nociception (24,
30, 31), It has been reported that in mice with a mixed genetic
background of C57BL/6 X 129/5vJ, the PGI receptor IP mainly
mediates immediate pain (30), whereas the PGE receptor EP3,
in cooperation with IP, participates in pain hyperalgesia after
priming with LPS (24), in the acetic acid-induced writhing
model, On the other hand, another study using EP1-deficient
mice of the DBA/1 background has demonstrated the striking
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Fi1G. 7. Radiological and histologi-
cal findings of WT and mPGES-1 KO
joints by CAIA induction. A, his-
topathological examination of kmee joint
sections of arthritis-induced WT (left pan-
els) and KO (right panels) mice on day 28,
stained with hematoxylin and eosin (up-
per two panels) and toluidine blue (lower
two panels) at low (upper panels; magni-
fication, X25) and high (lower panels;
magnification X100), B, decrease in BMD
of the knee periarticular region of ar-
thritic mice compared with control mice.
BMD was measured by dual energy x-ray
absorptiometry using a bone mineral an-
alyzer. C, radiographs of forepaws (upper
panels) and TRAP staining of the meta-
carpal bones (fower panels; magnification,
X200) in arthritis-induced WT and KO
mice on day 28. Arrowheads indicate the
regions where the TRAP staining and his-
tomorphometric analysis were performed.
D, osteoclast number (upper panel) and
percent eroded surface (Jower panel),
which are histomorphometric parameters
of bone resorption, in WT and KO mice.
These parameters were measured at the
carpometacarpal joints in the metacarpal
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contribution of this PGE receptor subtype to acute pain noci-
ception in the same model (31). By means of the acetic acid
stretching test with or without LPS priming, we have shown
that mPGES-1 contributes more profoundly to LPS-primed
inflammatory hyperalgesia than to basal acute pain perception
(Fig. 3). Thus, ~80% suppression of the pain response and of
peritoneal PGE; levels was observed in LPS-pretreated
mPGES-1-null mice compared with replicate WT mice, which is
consistent with elevated expression of COX-2 and mPGES-1 in
response to LPS,

Previous studies employing COX isozyme-selective inhibi-
tors or KO mice have indicated that COX-1, not COX-2, mainly
mediates the basal acetic acid writhing reaction (32), Here we
observed ~45% reduction of the basal writhing reaction in
mPGES-1 KO mice relative to replicate WT mice (Fig. 3), im-
plying a significant {even if less pronounced) contribution of
preexisting mPGES-1 to COX-1-dependent acute pain. Indeed,
COX-V/mPGES-1 coupling can occur in the immediate response
if sufficient levels of arachidonic acid are supplied (4). How-
ever, the peritoneal PGE, level in KO mice was only slightly
lower (statistically insignificant) than that in WT mice under
the basal condition (Fig. 3D), suggesting that the PGE, pro-
duced by mPGES-1 in other sites, such as in the spinal cord and
dorsal root ganglia (33), may also contribute to this response.
Recently, Audoly and co-workers (44) have reported ~50% re-
duction in the basal writhing reaction in mPGES-1-null mice.
In that study, however, the peritoneal PGE, level in mPGES-1

KO

KO mice during the basal writhing response was only modestly
lower than that in WT mice (44), as in our present study (Fig.
3D). This indicates that other PGES enzymes may also partic-
ipate in this immediate PGE, production and possibly pain
perception. In this context, mPGES-2 and cPGES, both of
which can be coupled with COX-1 (16-18), may be responsible
for this residual PGE, production, a possibility that needs to be
addressed in the future.

We found significant reduction in levels of peritoneal PGL, in
mPGES-1 KO mice relative to WT mice under the LPS-primed
condition. This finding suggests the existence of a pain ampli-
fication loop, in which mPGES-1-derived PGE, augments the
preduction of PGI,, another pain modifier (24, 30). Alterna-
tively, assuming that macrophages are the main source of these
prostanoids in the writing model, decreased macrophage num-
ber at inflamed sites in mPGES-1-deficient mice (see below)
may account for the reduced PGI, levels in these mice. The -
reduction of PGI, in mPGES-1 KO mice was not observed in the
study by Audoly and co-workers (44). This discrepancy may be
because they assessed only the basal pain response (but not
LPS-primed pain hypersensitivity) or simply because distinct
mouse strains (C57BL/6 X 129/SvJ versus DBA/1) were used
for analyses.

Subcutaneous implantation of a cotton thread into the dor-
sum of the mouse induces formation of granulation tissue as-
sociated with angiogenesis (25). In this model, the process of
inflammation depends on histamine, which is de novo synthe-
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sized by HDC induced in infiltrating macrophages, and VEGF,
a factor essential for new blood vessel formation, Granulation
and angiogenesis are impaired in HDC-deficient mice, in which
induction of VEGF in the granulation tissues is also markedly
reduced (25). This model of inflammation also depends on pros-
tanoids (45), a notion also supported by our present study
showing an inhibitory effect of indomethacin (Fig. 44), In this
study, we found that mPGES-1 deficiency results in amelio-
rated granulation, edema, and angiogenesis (Figs. 4 and 5). The
main cell type expressing mPGES-1 in the granulation tissues
is ascribed to macrophages (Fig. 5), in which HDC is also
markedly induced (25). Notably, mPGES-1-derived PGE, ap-
pears to be linked, at least in part, to the induction of HDC and
VEGF because the expression levels of HDC and VEGF are
significantly lower in mPGES-1 KO mice than in WT mice (Fig.
4F), The reduced angiogenesis and VEGF expression in this
model seems to be reminiscent of the events observed in tumor
tissues of mice deficient in the PGE receptors EP2 (46) and EP3
(47). Thus, our results indicate that mPGES-1-derived PGE,,
in cooperation with histamine and VEGF, plays a critical role
in the development of inflammatory granulation and angiogen-
esis, thus eventually contributing to tissue remodeling.

Pharmacological and genetic evidence supports a functional
link of ¢PLA,e, COX-2, and PGE, with human rheumatoid
arthritis and its mouse experimental model, CIA (36-43).
COX-2 and mPGES-1 are highly expressed in synovial lining
cells of joint tissues from patients with rheumatoid arthritis
(16, 48). Administration of COX-2-selective inhibitors mark-
edly reduces the severity of disease (42, 43), and mice deficient
in cPLA,x (49), COX-2 (but not COX-1) (36) and the PGE
receptor EP4 (50) display significant reductions in both clinical
and histological signs of CIA. We now show, using a CATA
model, that the arthritic symptoms are apparently mild in
mPGES-1 KO mice compared with replicate WT mice, even
though the reduction of the arthritis scores in KO mice is
partial (Fig, 6). Moreover, bone destruction and juxtaarticular
bone loss in CAYA are less obvious in mPGES-1 KO mice than
in replicate WT mice (Fig. 7). These observations are compat-
ible with our recent finding that mPGES-1 is induced by and
mediates the effects of bone-resorptive stimuli in vitro (51).
Because mPGES-1 deficiency leads to only 50% reduction of
PGE, level in the arthritic tissue (Fig. 6B), the residual PGE,,
which may result from coupling between COX-2 and other
PGES(s) such as mPGES-2, may also contribute to this disease.

The inhibition of joint destruction by mPGES-1 deficiency
may at least in part be secondary to the inhibition of inflam-
mation of the jeints because proinflammatory eytokines, such
as tumor necrosis factor a, interleukin-1 and -6, and fibroblast
growth factor-2, are known to stimulate the differentiation and
activation of osteoclasts through the induction of RANKL (for
receptor activator of NF-«B ligand) in osteoblasts/stromal cells
(52-55). PGE;, which is known to be induced by these cyto-
kines, also facilitates RANKL expression (56-58). Further-
more, PGE; has a potency to stimulate osteoclast formation
from precursors directly in the absence of osteoblasts/stromal
cells (59, 60). Hence, reduced PGE, production by mPGES-1
deficiency in the CATA may cause the decrease in bone destruc-
tion in both direct and indirect pathways.

While this study was under way, Audoly and co-workers (44)
demonstrated a more profound contribution of mPGES-1 to
another mouse arthritis model, the CIA model, in which
mPGES-1-deficient DBA mice developed no or little arthritis.
Interestingly, the incidence of CIA was reduced markedly in
mPGES-1 KO mice in the study by Audely and co-workers (44),
whereas in our experimental setting all mPGES-1 KO mice still
developed CAIA. This discrepancy may again result from dif-
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ferences in the mouse strains and the methods of arthritis
induction employed. The CIA model employed by Audoly and
co-workers (44) requires a competent adaptive immune re-
sponse to chicken type II collagen and demonstrates develop-
ment of anti-collagen antibodies with subsequent induction of
arthritic response. In comparison, the passive CAIA approach
used in this study bypasses the requirement for lymphocytes
and other proximal adaptive immune responses. Audoly and
co-workers (44) demonstrated that lower antibody titers were
defected in mPGES-1 KO mice compared with WT mice, even
though antibody levels did not necessarily correlate with onset
and severity of arthritis in disease animals. Analysis of the
anti-collagen antibody formation in COX-2-deficient mice re-
veals a remarkable decrease in this humeral response (36).
This point is supported further by the observation that COX-
2-deficient mice exhibit altered helper T cell development, a
process reversed by PGE, (61). It is therefore possible that the
results found in the CIA model (44) could be influenced in part
by inadequate proximal lymphocyte-mediated responses in ad-
dition to the synovial symptoms. Thus, the use of the CAIA
approach in our study allows a confined synovium-focused
analysis and clearly demonstrates the specific role of synovial
mPGES-1 in synovial inflammation.

Another interesting phenotype of mPGES-1 KO mice is the
decrease in macrophage numbers at inflamed sites. Thus, in
the KO mice, fewer macrophages are recovered from the peri-
toneal cavity after thioglycollate treatment (Fig. 2F) and are
found immunohistochemically in the cotton thread-induced
granulation tissue (Fig. 5D) than those in WT mice, Although
this event might result simply from mitigated inflammation in
mPGES-1 KO mice, which would influence subsequent recruit-
ment of macrophages, an alternative explanation is that
mPGES-1-derived PGE; may affect the differentiation and mi-
gration of macrophages in an as yet unidentified way. Because
adhesion to the culture dishes and subsequent survival {at
least by 48 h) of isolated macrophages during culture were
similar between mPGES-1 KO and WT mice (data not shown),
it is more likely that mPGES-1-derived PGE, could affect the
recruitment of macrophages in tissue microenvironments.
With regard to this, several recent studies have argued the
potential contribution of COX-2 and PGE, to this process.
COX-2 KO mice experience delayed hematologic recovery after
S5-fluorouracil treatment, even though the basal hematopoiesis
is normal {62). PGE, directly stimulates the in vitro prolifera-
tion of burst-forming unit of granulocyte-macrophage progeni-
tors from CD34* cells (63) and regulates the production of
macrophage colony-stimulating factor by bone marrow stromal
cells (64). The anaphylatoxin C5a and the chemokine macro-
phage inflammatory protein-la promote the recruitment of
monocytes into the peritoneal cavity of mice and their subse-
quent differentiation into macrophages, and these events are
mediated indirectly by PGE, (65). Moreover, PGE, stimulates
the expression of CCRY, a receptor for the chemokine macro-
phage inflammatory protein-38, on monocytes through the
PGE receptors EP2 and EP4, a process required for proper
homing of monocyte-derived dendritic cells to the lymph nodes
(66). Thus, our present data may reflect an unexplored role of
mPGES-1-derived PGE, in the differentiation and migration of
macrophages, although further studies will be necessary to
clarify this critical issue in a sophisticated approach.

Taken together, it can be concluded that mPGES-1 is in-
volved in various types of inflammation, including pain hyper-
algesia, granulation associated with angiogenesis, and inflam-
matory arthritis accompanying bone destruction. It should be
noted that the writhe and arthritis tests involve LPS stimula-~
tion, and the degree to which this Toll-like receptor 4 agonist
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influences the observed predominance of mPGES-1 in each
situation has not been defined. Therefore, the generalization of
the present finding to a variety of non-LPS influenced inflam-
matory responses (except the granulation response, which is
assessed here) will need further elucidation, Irrespective of this
argument, accumulating evidence suggests that mPGES-1 is
also involved in tumorigenesis (12, 67), delayed skin hypersen-
sitivity (44), and fever (68). These facts, together with its in-
ducible property during inflammation and other pathogenesis
(4-8), agree well with the proposal that mPGES-1 represents a
target for the treatment of various inflammatory diseases that
will spare important physiological systems in which other PGs
are involved (44). However, implementation of this concept will
still require caution, because besides its proinflammatery funec-
tions PGE, exerts homeostatic and antiinflammatory effects in
several organs, such ag the gastrointestinal tract (69, 70), lung
(71), and kidney (72). It also remains to be elucidated whether
other PGES enzymes exhibit redundant or specific functions in
particular situations in vivo. The absence of gross abnormali-
ties in ductus arteriosus closure immediately after birth, which
is markedly impaired in COX-V/COX-2-double (73) and EP4
(74) KO mice, and in female reproduction, where EP2 is in-
velved in the ovulation step (75), implies the compensatory
participation of other PGESs in these physiological events.
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Cyclic GMP-dependent protein kinase II
is a molecular switch from proliferation
to hypertrophic differentiation

of chondrocytes
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The Komeda miniature rat Ishikawa {KMI) is a naturally occurring mutant caused by an autosomal recessive
mutation mri, which exhibits longitudinal growth retardation. Here we identified the mef mutation as a
deletion in the rat gene encoding cGMP-dependent protein kinase type II (¢GKII). KMIs showed an expanded
growth plate and impaired bone healing with zbnormal accumulation of postmitotic but nonhypertrophic
chondrocytes. Ex vivo culture of KMI chondrocytes reproduced the differentiation impairment, which was
restored by introducing the adenovirus-mediated ¢GKIT gene. The expression of S0x9, an inhibitory regulator
of hypertrophic differentiation, persisted in the nuclei of postmitotic chondrocytes of the KMI growth plate,
Transfection experiments in culture systems revealed that cGKII attenuated the Sox? functions to induce the
chondrogenic differentiation and to inhibit the hypertrophic differentiation of chondrocytes. This attenuation
of Sox9 was due to the ¢GKI! inhibition of nuclear entry of Sox9. The impaired differentiation of cultured
KMI chondrocytes was restored by the silencing of Sox9 through RNA interference. Hence, the present study

for the first time shed light on a novel role of ¢cGKII as a molecular switch, coupling the cessation of
proliferation and the start of hypertrophic differentiation of chondrocytes through attenuation of Sox9

function.

[Keywords: KMI; ¢GXII; Sox9; chondrocyte; hypertrophy; endochondral ossification]
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Skeletal growth is determined mainly by the process of
endochondral ossification in the cartilaginous growth
plate, which consists of the resting, proliferative, and
hypertrophic zones of chondrocytes, typically in orderly
columnar arrays. In this process, chondrocytes that arise
from mesenchymal cells undergo proliferation, terminal
differentiation into hypertrophic cells, and synthesis of
the cartilage matrix, which finally calcifies and is re-
placed by bone (Kronenberg 2003). The start of hypertro-
phic differentiation occurs concurrently with the cessa-
tion of chondrocyte proliferation. To date, several mo-
lecular signalings have been implicated in the switching
between proliferation and terminal differentiation in
other cell types (Sorrentino et al. 1990; Umek et al. 1991,
Tao and Umek 2000} however, the molecular mecha-
nism that couples the cessation of proliferation and the

*Corresponding author.

E-MAIL kawaguchi-ort@h.u-tokyo.ac.jp; FAX 81-3.3818-4082,

Article and publication are at hetp:f/www.genesdev.org/egi/doif10.1 101}
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2418

start of hypertrophic differentiation of chondrocytes re-
mains an enigra,

The Komeda miniature rat Ishikawa (KMI), which was
discovered in a closed colony of Wistar rats and was es-
tablished as a segregating inbred, is a naturally oceurring
dwarf mutant caused by an autosomal recessive muta-
tion mri (Serizawa 1993}, Homozygous mutants {mri/
mri) were bom and grew normally until 3-4 wk of age,
when they gradually started to develop longitudinal
growth retardation without other organ abnormalities.
In the present study we identified the mri mutation as a
deletion in the rat gene encoding ¢cGMP-dependent pro-
tein kinase type II [cGKIl| by a positional candidate clon-
ing strategy. cGKIl is a membrane-bound kinase which is
activated by intracellular cGMP, and is known to be ex-
pressed abundantly in the intestinal mucosa, kidney,
lung, brain, and cartilage (Ruth 1999; Hofmaon et al.
2000). This study further investigated the cellular and
molecular mechanisms underlying the impairment of
endochondral ossification by the ¢GKII deficiency.
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Results
Longitudinal growth retardation in KMI {mxi/mri)

KMTls developed dwarfism with short limbs and trunk
compared to the wild-type littermates [Fig. 1A}, Growth
curves indicated that KMls started to show the axial
growth retardation postnatally at 4 wk of age, although
there was no difference between wild-type and heterozy-
gote {+/mri) rats in either sex, confirming an autosomal
recessive inheritance {Fig. 1B|. The trunk of the KMIls
was about 30% shorter than those of wild-type and +/mzi
litrermates at 10 wk of age. Skeletal X-ray analysis at
this age revealed no appreciable changes between wild
type and KMI in the width of calvarium, which is formed
through intramembranous ossification; however, the
longitudinal lengths of femora, tibiae, and vertebrae, all
of which are formed through endochondral ossification,
were 20%-30% shorter in KMI than in wild type (Fig.
ICDL In the long bones of XMI, the height of the
epiphyseal growth plate was greater than that in wild
type, indicating that the growth retardation in KMI re-
sulted from the impairment of endochondral ossification
in the growth plate.

Positional cloning of the mri mutation

We first genotyped simple sequence length polymor-
phism {SSLP) markers throughout the rat genome on the
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backcross progeny and detected putative linkage at the
D14Raté marker on rat chromosone 14. Further genetic
mapping localized the mri locus to a 1.2-cM interval on
rat chromosome 14 flanked by markers D14Rat5 and
D14Rat80. Comparative mapping analysis revealed that
the region was orthologous to the regions on mouse
chromosome 5 and human chromosome 4, in which sev-
eral candidate genes including Brmp3 and cGKII (also
known as Prkg2) were identified (Fig. 2A). Although the
Bmp3 gene encoding 2 bone morphogenetic protein
(BMP) first drew our attention, our studies revealed this
gene unlikely to be causative of the KMI phenotype. The
expression of the Bmp3 gene was not different between
wild type and KMI, and the sequencing analysis showed
only a few silent variants {data not shown). Furthermore,
the Brmp3 null mice are reported to exhibit normal body
size but increased bone density {Daluiski et al. 2001],
which is different from the KMI phenotypes.

We then performed an RT-PCR analysis of the cGKII
gene, and found that the cGKII transeript from the brain
of the KMI mutant was shorter than that from wild type
(Fig. 2B). Sequencing analysis disclosed that exon 3 of the
¢GKII gene was directly spliced onto exon 6 {Fig. 2C).
This 220-bp deletion spanning exons 4 and 5 resulted in
a frame shift and a premature stop codon, predicting a
truncated product that lacks the entire kinase domain
{Fig. 2D). We further carried out inter-exon PCR between
exons 3 and 6 of the genomic DNA, and found an -5-kb
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Figure 1. Longitudinal growth retardation in KMI (mri/mri). {A} Gross appearance of wild-type [WT} and KMI Lttermates at 10 wk
of age. (B) Growth curves of wild-type (WT; +/+), heterozygote {+/muri}, and homozygote {KMI, mri/mri] rats determined by the total
axial length {from nose to tail end}. The symbols of +/mri are behind those of wild-type rats. Data are expressed as means
[symbols} = §.E.M. {error bars} for 12 rats/group. (C) Plain X-ray images of heads (top left], lumbar vertebrae {top right), femora |bottom
left), and tibiae {bottom right) of wild-type (WT) and KMI littermates at 10 wk. Arrowheads indicate the expanded growth plates in
EMIL. (D] Bone lengths of wild type (WT), +/mri, and KMI at 10 wk, [CL) Naso-occipital length of the calvarium, {CW) maximal
interparietal distance of the calvariem; [VL) fifth lumbar vertebral length; (FL) femoral length; [TL} tibial length. Data are means
{bars) £ S.E.M. {error bats) for 12 rats/group. [*] P < 0.05 vs, wild type.
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Figure 2. Identification of the mz mutation. (4] Comparative mapping of the mri region in the rat, mouse, and human choromo-
somes, The mri locus, which was mapped to a 1.2.cM interval between markers D14rat5 and D14rat80, is shown as a bold line. (B)
RT-PCR products of the rat cGKII from the brains of wild-type [WT) and KMI lttermates. {C} Sequence analysis of transcript of the
¢GKII gene from the KMI mutant. Exor 3 is directly spliced onto exon 6, with the boundary indicated by the arrowhead. The frame
shift causes amino acid substitutions and a premature stop codon, {D) Schematic representation of the prematurely truncated ¢GRI
protein in the KMI mutant, Nucleotide sequence analyses of the cDNA identified a 220-bp deletion [676-895) corresponding to exons
4 and 5. [E} Interexon PCR between exons 3 and & using the genomic DNA from wild type [WT] and EMI indicated an —5-kb deletion
in the KMLI. {F) Sequence analyses of genomic DNA of wild type (WT} and KMI identified breakpoints in introns 3 and 5 {arrowheads).
A common sequence, “AGAGCC”, was found at the two breakpoints, {G) Schematic representation of the mri mutation as an ~5-kb
deletion in the ¢GXII gene. Sequence analyses disclosed the deletion from IVS3+1303 to IV85-2448 in KML (H] Genotyping of KMI

(mri/mri), wild-type (WT; +/+}, and +/mri rats. A longer amplicon (530 bp} was amplified from wild-type allele, and a shorter amplicon
{378 bp} from the mutated allele. [I] Lack of cGMP-dependent protein kinase activity of the KMI brain extract determined by the in
vitro kinase assay in the presence and absence of 8-bromo-cGMP, Data are means (barst + 8.E.M. {error bars| of six samples/group. {*|

P < 0.01, significant effect of 8-bromo-cGMP.

deletion in the ¢cGKII gene of KMI (Fig. 2E). Sequencing
analysis identified the breakpoints in introns 3 and 5,
both of which had a common sequence, “AGAGCC”
{Fig. 2F), creating a deletion from intervening sequence
{IV8)3+1303 to IV55-2448 (Fig. 2G). To confirm that this
deletion in the cGKII gene was responsible for the KMI
phenotype, we designed PCR primers to detect this ge-
nomic deletion, and found complete cosegregation of the
genotypes KMI {mri/mri), wild type {+/+), and +/muri with
the phenotypes {Fig. 2H). To test whether the mri muta-
tion in the ¢GKII gene resulted in loss of its function,
tissue extract from brain that is known to express high
levels of cGKII was assayed for the kinase activity. The
in vitro kinase assay revealed that the wild-type extract
showed 2 significant increase in the kinase activity by
the stimulation with the ¢GMP analog 8-bromo-cGMP;
however, the increase was not observed in the KMI ex-
tract (Fig. 2I). Taken together, these results strongly sug-
gested that the deletion in the cGKII gene resulted in
loss of its function and caused dwarfism in KML
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Abnermal endochondral ossification in the growth
plate and the fracture callus of KMI

We first investigated the expression pattern of cGKII in
the proximal growth plates of the wild-type and KMI
tibiae at 10 wk of age. Inmunohistochemical analysis of
the wild-type growth plate revealed that ¢cGKIT was ex-
pressed predominantly in the late proliferative and pre-
hypertrophic chondrocytes, preceding the start of hyper-
trophic differentiation; however, no immunoreactivity
for cGKII was observed in the KMI growth plate (Fig. 3A,
a-cGKIT).

To elucidate the cellular mechanisms underlying the
dwarfism due to the cGKII dysfunction in KMI, we per-
formed histological analyses of the growth plates. At
birth, growth plates showed no discernible difference be-
tween wild type and KMI {Fig. 3A, HE, E18.5}. Pathologi-
cal changes gradually became evident postnatally after
4-5 wlk of age, and at 10 wk the height of the KMI growth
plate was about 2.5-fold greater than that of wild type
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Figure 3. Comparison of endochondral ossification in the growth plate (4] and the bone fracture callus {B,C} between wild type [WT)

and KML Blue, red, and green bars indicate layers of proliferative zone, hypertrophic {including prehypertrophic) zone, and primary
spongioss, respectively. Black bar indictates the abnormal intermediate zone that is seen only in KMI [A) Histological findings of the
proximal growth plates in wild-type {WT] and KMI tibiae at 10 wk of age uuless otherwise described. {Upper panel) Inmunchisto-
chemical staining with an anti-cGKII zntibody (a-¢GKII}, hematoxylin-cosin staining of the humeral growth plates of fetal rats (HE,
E18.5), HE staining {HE), and von Kossa staining [von Kossa). [Lower panel} BrdU labeling (BrdU], alkaline phosphatase staining (ALP),
Immunchistochemical stainings with anti-type X collagen {«-COL10}, and anti-p57%F2 [o.p57%2] antibodies. Bars, 50 pm. {B) Radio-
logical and histological findings of the fracture callus 2 wk after the surgery. After exposing the right tibiae of 10-week-old rats, a
transverse ostcotomy was performed at the midshaft with a bone saw and was stabilized with an intramedullary nail. Plain X-ray
images {X-ray), HE staining [HE; inset boxes indicate the regions of the right two figures), immunohistochemical staining with an
anti-type X collagen antibody [«-COL10), and BrdU labeling {BrdU). Bars: HE, 500 pm, right two figures, 50 um. {C) Time course of the
calcified area and the bone mineral content (BMC} of the callus at the fracture site measured by a single energy X-ray absorptiometry.

Data are mean (symbols) + S.E.M. (error bars) of eight rats/genotype. [} P < 0.01 vs. wild type.

{665 + 47 pm vs. 255 + 34 um, mean  S.EM., n = 8, ra-
spectively), although the columnar structure was rela-
tively preserved (Fig. 3A, HE). This increase was due to
an intermediate layer of accumulated abnormal chondro-
cytes in the KMI growth plate (Fig. 3A, HE, black bar).
Although the cell size of chondrocytes in the KMI hy-
pertrophic zone seemed somewhat smaller than that in
wild type, matrix mineralization determined by von
Kossa staining appeared normal in KMI [Fig. 3A, von
Kossal.

To further characterize the abnormal chondrocytes in
the intermediate layer of the KMI growth plate, we ex-
amined cellular proliferation by the the uptake of BrdU.
In wild type, chondrocytes in the proliferating zone and
bone marrow cells in the primary spongiosa were ac-
tively proliferating as detected by the BrdU uptake (Fig,
34, BrdU). In KMI, the number of BrdU-positive cells

was slightly decreased in the proliferating zone, and
more importantly, no uptake was observed in the inter-
mediate layer, suggesting that these abnormal chondro-
cytes were postmitotic. We next examined the distribu-
tions of alkaline phosphatase [ALP| and type X collagen
(COL10) as markers of prehypertrophic and hypertrophic
chondrocytes, respectively. Histochemical analyses of
the wild-type growth plate revealed that these markers
were expressed immediately after the BrdU uptake had
disappeared, confirming the coupling of the cessation of
proliferation and the start of hypertrophic differentiation
(Fig. 3A, ALP and -COLL0}. In the KMI growth plate,
however, the intermediate layer was stained by neither
of the markers, indicating that these abnormal chondro-
cytes had not started hypertrophic differentiation. In ad-
dition, expression of p57%'P%, a key regulator of cell-cycle
arrest and differentiation of chondrocytes {Yan et al.
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