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ferentiation. This study demonstrates that Cdké is a key mol-
ecule determining the differentiation rate of osteoblasts as a
downstream effector of BMP-2/Smad signaling. Figure 7 de-
picts a schematic presentation of the mechanism by which
BMP-2 induces osteoblast differentiation, as revealed by the
present and previous studies, BMP-2 binds to the type I re-
ceptor and activates the type I receptor, leading to the forma-
tion of R-Smads/Co-Smad complexes, which are imported into
the nucleus. The R-Smads/Co-Smad complexes then repress
the cdké promoter, thereby removing Cdk6-exerted blocking
of differentiation.

The Cdk6-cyclin D3 complex is unique among cyclin D-
cognate kinase combinations and evades inhibition by CKls
(8). Therefore, it can greatly enhance the proliferative poten-
tial of fibroblasts under growth-suppressive conditions and
consequently sensitizes cells to physical and chemical transfor-
mation (2). This unique ability of Cdk6, however, doss not
seem to be responsible for the requirement of Cdké down-
regulation for efficient osteoblast differentiation because we
did not find any noticeable effect of BMP-2 and Cdké overex-
pression on the proliferation or even the cell cycle progression
of MC3T3-E1 cells under the experimental conditions we em-
ployed. This apparent lack of a growth-stimulating function for
Cdko in this cell line is consistent with the observation that
Cdk4, but not Cdké, was up-regulated by FGF-2, a potent
stimulator of osteoblast proliferation.

The Rb protein has been implicated in osteoblast differen-
tiation. The incidence of osteosarcoma increases 500-fold in
patients inkeriting Rb gene mutations. Recently, the Rb pro-
tein was reported to physically interact with Runx2/Cbfal,
which transactivates osteoblast-specific promoters (23), This
transactivation is lost in tumor-derived Rb protein mutants,
underscoring its potential role in osteoblast differentiation.
The possibility that Rb directly mediates the role of Cdk6 as a
differentiation inhibitor, however, is remote because unlike for
Runx2/Cbfal, there was no apparent correlation between the
Cdk6-exerted differentiation block and the binding of Rb to
the osteocalcin promoter,

How could Cdké control differentiation without influencing
cell cycling? One possibility is that Cdké directly controls a
factor(s) that is critically involved in differentiation. This pos-
sibility may not be as remote as is generally thought. In Schizo-
saccharomyces pombe, Pasl cyclin and its partner kinase Pefl
activate a transcriptional factor complex that is functionally
equivalent to E2F-DP of mammals, thereby promoting
S-phase entry, just like Cdk6, yet they independently inhibit
mating pheromone signaling, whose activation is essential for
the differentiation of yeast cells (22). Thus, this may be a good
moadel for the situation of Cdké in BMP-2-induced osteoblast
differentiation, highlighting a potential functional similarity be-
tween Cdk§ and Pefl.

This study demonstrates for the first time that Cdk6, a G,
cell cycle factor, plays a critical role in controlling BMP-2-in-
voked osteoblast differentiation. Several transcription factors,
such as Runx2/Cbfal, osterix, and low-density lipoprotein re-
ceptor protein 5, have been reported to be involved in bone
formation (12, 16). Consequently, one of these factors may be
responsible for the BMP-2-invoked repression of Cdké6 tran-
scription. The identification of the transcriptional repressor as
well as key targets of Cdk6 will definitely be required for a
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deeper understanding of the molecular basis of bone forma-
tion.

Finally, it is appropriate to stress that our finding is not
specific to BMP-2-induced osteoblast differentiation. Very re-
cently, Matushansky et al. reported a similar role for Cdké in
the erythroid differentiation of a murine leukemia cell line
(10).
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SRC-1 Is Necessary for Skeletal Responses to Sex Hormones
in Both Males and Females

Takashi Yamada,"* Hirotaka Kawano,? Keisuke Sekine,? Takahiro Matsumoto,>* Toru Fukuda,? Yoshiaki Azuma,*
Keiji Itaka,' Ung-il Chung,” Pierre Chambon,® Kozo Nakamura,' Shigeaki Kato,2* and Hiroshi Kawaguchi!

ABSTRACT: We created SRC-1"/" mice by mating floxed SRC-1 mice with CMV-Cre transgenic mice. The
SRC-1™"" mice showed high turnover osteopenia under physiological conditions and hardly responded to
osteoanabolic actions of exogenous androgen and estrogen in males and females, respectively, after gonadec-
tomies, indicating that SRC-1 is essential for the maintenance of bone mass by sex hormones.

Introduction: Steroid receptor coactivator-1 (SRC-1) is the first identified coactivator of nuclear receptors. This
study investigated the role of SRC-1 in skeletal tissues of males and females using the deficient (SRC-17"") mice.
Materials and Methods: SRC-7™"" mice were generated by mating our original floxed SRC-1 mice with CMV-Cre
transgenic mice. Bone metabolism between 24-week-old SRC-1""" and wildtype (WT) littermates under physio-
logical conditions was compared in males and females by radiological, histological, and biochemical analyses.
Difference of skeletal responses to steroid hormones was examined by gonadectomies and exogenous administration
experiments with the hormones. Statistical analysis was performed by ANOVA determined by posthoc testing using
Bonferroni's method,

Results and Conclusions: Althcugh SRC-1~"" mice showed no abnormality in growth or major organs, both males
and females showed osteopenia with high bone turnover in the trabecular bones, but not in the cortical bones,
compared with WT littermates. Their serum levels of sex hormones were upregulated, suggesting a compensatory
reaction for the insensitivity to these hormones. Gonadectomies caused decreases in BMDs of SRC-1""" and WT
mice to the same levels; however, replacement with So-dihydrotestosterone and 1783-estradiol in males and females,
respectively, failed to restore the bone loss in SRC-17"", whereas the WT bone volume was increased to the
sham-cperated levels. In contrast, bone loss by administered prednisolone was similarly seen in SRC-1" and WT
mice. We conclude that SRC-1 is essential for the maintenance of bone mass by sex hormones, but not for the
catabolic action of glucocorticoid, under both physiological and pathological conditions.

J Bone Miner Res 2004;19:1452—1461. Published online on June 2, 2004; doi: 10.1359/JBMR.040515
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INTRODUCTION ment. Androgens are also known to exert beneficial effects
on the maintepance of normal bone mass and remodeling.
Patients with hypogonadism or androgen recepior (AR)
defect ofien develop osteoporosis with high bone tumover,
and testosterone supplementation can restore the BMD in
eugonadal osteoporotic men.®® Contrary to the bone-sparing
actions of estrogens and androgens, another steroid hor-
mone, glucocorticoids, stimulate bone resorption and inhibit
bone formation in humans and consequently lead to a de-

TEROID HORMONES ARE involved in mediating important
S physiclogical processes in numerous target tissues in-
cluding breast, uterus, brain, and bone. The actions are
mediated by their binding to structurally homologous nu-
clear receptors, which act as ligand-dependent transcription
factors to either activate or repress target gene
expression."™ Among steroid hormones, the sex steroids

estrogens and androgeus are essential for normal skeletal
development and maintenance of healthy bone remodeling
during Life.* Estrogen deficiency causes osteoporosis
with high bone turnover in postmenopausal women, and this
disorder can be prevented or reversed by estrogen replace-

The authors have no conflict of interest.

crease in bone mass. Excess glucocorticoids in vive, as a
result of either prolonged steroid therapy or Cushing’s syn-
drome, lead to the development of osteoporosis, the degree
of which seems to be related to the duration and dose of
treatment. &0

Expressions of nuclear receptors of these steroid hor-
mones, estrogen receptors (ERs), ARs, and glucocorticoid
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receptor (GRs), in bone have been identified mainly in
osteoblasts and bone marrow cells.> The transcriptional
activities of the receptors are mediated by interaction with
several classes of coactivators/corepressors in a ligand-
dependent manner.*!!*2 The first characterized steroid re-
ceptar coactivator {SRC) family contains three homologous
members: SRC-1, SRC-2 (also known as TIF2 and GRIP1),
and SRC-3 (also known as p/CIP, AIB1, RAC3, ACTR, and
TRAM-1).*"'9) The SRC coactivators have been reported
1o function in several ways: recruitment of histone acetyl-
transferases, histone methyltransferases, interaction with
other coactivators, and contact with certain general (ran-
scription factors."® There are several pieces of evidence
that the SRC coactivators play important roles clinically in
mediating the response to steroid hormones. A chromo-
somal translocation that involves SRC-2 was identified in
acute myeloid leukemia.!'? SRC-3 overexpression was doc-
umented in breast, ovarian, and pancreatic cancer.151%
These data suggest the possibility that the SRC family could
modulate the response to steroid hormones in bone as well.

SRC-1 was originally cloned as a strong transactivator of
GR"'? and has been reported to enhance the actions of many
nuclear receptors, including ERs and AR.** Clinical in-
volvement of SRC-1 has not yet been found; however, its in
vivo function has been investigated by analyses of the
SRC-I1-deficient mice created by the O"Malley group using
a conventional gene targeting method.® There were no
apparent abnormalitics in their major organs except for a
partial resistance to sex hormones and thyroid hormone. 292
Aiming at generating double/triple mutant mice with tissoe-
specific SRC-! deficiency and other cofactor gene mutations
such as SRC-2 and SRC-3 without embryonic lethality in
the future, we first created foxed SRC-I mice in which the
SRC-1 gene locus was flanked by loxP sites. In this study,
the first using the floxed mice, we generated SRC-I-
deficient (SRC-17/") mice, whose SRC-1 function was gen-
erally blocked, by mating them with CMV-Cre transgenic
mice. To define the finctions of SRC-1 in skeletal tissues of
both males and females, we analyzed the bone phenotype of
the SRC-1™"" mice under physiological conditions and un-
der stimulation by estrogens, androgens, or glucocorticoids,

MATERIALS AND METHODS
Generation of SRC-1""" mice

Mouse SRC-1 genomic clones were obtained by screen-
ing an embryonic stem (ES) cell genomic library in A phage
(Stratagene) using human SRC-1 cDNA as a probe. A 20-kb
fragment of mouse SRC-1 containing exons 3-5, encoding
the basic-helix-loop-helix (bHLH) domain, was used to
construct the targeting vector (Fig. 1A). The targeting vec-
tor consisted of a 7.7-kb 5' homologous region containing
exon 4, a 3.3-kb 3" homologous region, a single loxP site,
and the phosphoglycerate kinase-neomyein (PGKneo) cas-
sette between the two loxP sites. The linearized targeting
vector was electroporated into ES eells (25 ug/1.0 X 107
cells) using a Gene Pulser II (Bio-Rad Laboratories) at 250
V and 500 pF, and G418 neomycin-resistant clones were
expanded as described previously.®” Two ES cell clones
(Fig. 1B, 4p29 and 4q30) containing a targeted SRC-IL3
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allele were identified by Southern blot analysis of EcoRI-
digested ES cell genomic DNA, using 5° (probe 1) and 3'
(probe 2) external probes and a neomycin probe. Targeted
ES cells were aggregated with single eight-cell embryos
from TCR mice (CLEA Japan) and returned to a pseudo-
pregnant host of the same strain to generate chimeras as
described previously.®® Chimeric males were crossed with
C57BL/6] females (CLEA Tapan) to produce germ line
transmission of the targeted L3 allele. SRC-127 mice were
then crossed with the CMV-Cre transgenic mice to generate
SRC-I1""* (also designated as SRC-1*/") mice (mice bear-
ing one allele in which exon 4 and the neomyein cassette
were deleted). Inbreeding of SRC-1*"/* mice yielded SkC-
157" (also designated as SRC-1 ") mice homozygous for
the deletion of SRC-1 exon 4, Because SRC-1-%" mice and
CMV-Cre transgenic mice were in different strains, all
SRC-17"" mice used in this study had been backcrossed for
10 generations into the C57BL/6 background.

Animal conditions

All mice were kept in plastic cages under standard labo-
ratory conditions with a 12-h dark, 12-h light eycle and a
constant temperature of 23°C and humidity of 48%, The
mice were fed a standard rodent diet (CE-2; CLEA Japan)
containing 25.2% protein, 4.6% fat, 4.4% fiber, 6.5% ash,
3.44 kcal/g, 2.5 TU vitamin D,/g, 1.09% calcium, and 0.93%
phosphorus with water ad libinm. In each experiment,
homozygous wildtype (WT) and SRC-1™" mice that were
littermates generated from the intercross between heterozy-
gous mice were compared, All experiments were perfortned
according to the protocol approved by the Animal Care and
Use Committee of the Unijversity of Fokyo.

RT-PCR analysis

Total RNA was extracted from excised femora and tibias
using an ISOGEN kit (Wako Pure Chemical Industries) and
reverse transcribed using XL reverse transcriptase (Takara
Shuzo Co.) and an oligo (dT) primer (Takara Shuzo Co.).
After first-strand cDNA synthesis, 5% of the reaction mix-
ture was amplified with r-TagDNA polymerase (Takara Shuzo
Co.) using specific primer pairs: 5'“CATGTAGGCCATG-
AGG TCCACCAC-3 and 5'-TGAAGGTCGGTGTGAACG-
GATTTGGC-3' for G3PDH; 5-TACTGAGAAGAGGCG-
CAGGG-3 and 5'-CCAGAAGAAGAGGGCCCAGC-3' for
SRC-t (exon 4-exon 5); and 5-ATGAGTGGCCTTG-
GGGACAG-3' and 5'-CCAGAAGAAGAGGGCCCAGC-3'
for SRC-1 (exen 3-exon 5). Up to 35 cycles of amplification
were performed, with each cycle consisting of 96°C for 30,
55°C for 60 s, and 72°C for 60 s.

Western blot analysis

To detect SRC-1 protein expression, bone cell lysates
wete separated by SDS-PAGE and transferred onto nitro-
cellulose membranes. Membranes were probed with a goat
polyclenal antibody raised against a carboxyl terminus pep-
tide of human SRC-1 that is identical to the corresponding
mouse sequence (1:1000 dilution, C-20; Santa Cruz Bio-
technology) and a rabbit polyclonal antibody raised against
a recombinant protein corresponding to amino acids 350~



1454

YAMADA ET AL.

Prebe 1 Proba 2
A mATG -
£ Bv o ¥ B3 E o
SRCA WT ks, L §- i - =l }:bx?m
] (== £ Ed N B
Targeting vector L '——g ned y e
: E Exii E Ed £ E | Exs |
Targeted allals (L3) - . 1SS 3 A e b - e
" A
E6ORT diest | L3 emssue Gy s
Prote 1 WT 124 — WT ‘] EcoRi digsst
" el S5y e |4 Probe 2
lc@
FIG.1. Targeted disruption of mouse SRC-7 Deietnd siele (17 § 5% Y Eﬁ" £
gene. (A) Strategy 1o generate SRC-1™" mice - LI, r > W ] EcoRt dgost
showing the WT SRC-1 locus, the targeting Ak e L. Frobe 2
vector, the targeted allele (L3), and the deleted
allele (L—) obtained after Cre-mediated exci-
sion. Exons (Ex) are shown as shaded boxes. EcoR! digest EcoRtl dhgeat - C EcoR digost
The location of probes | and 2 are indicated, E, Frobe 1 Probe2 oy Probe 2 0}
EcoRI; EV, EcoRV; neo’, PGKneo cassette, et e o NWES A W@ w12 B e N
LoxP sites are indicated as black arrowheads, IRt v ne B ) - |y
(B) Southern blot analysis of targeted ES clones. . : a
Genomic DNA from WT ES cells and homolo- & @ 2P « P P BRE-Y & X  r
gous targeted clones (4p29 and 4q30) were di- :
gested with EcoRI for hybridization with probe D . Fw_
1 (left) and 2 (right). (C) Southem blot analysis . .
of offspring of heterozyzous mates with probe 2. SRC-1 {auons-exond) © ol
(D) Detection of the SRC-1 transcript by RT- 8
PCR in long bones of WT, SRC-J~", and SHE1 {tx0n3-0x0ns) &
floxed SRC.] (SRC-1“T%) mice. (E) Western : RN —— WTa jmi5)
blot analysis of the SRC-1 protein using an GIPoH g —O— SAC-1AT (re15)
antibody agzinst a carboxyl terminus of the Cenatype . o " —d— WTO (1)
SRC-1 peptide in long bones of WT, SRC-17~, (SR el SHE-1D (12}
and flaxed SRC-1 (SRC-1™) mice. (F) o o pr =
Growth curves determined by the body weight ’ " Weaks afior bith
of WT and SRC-1""" mice in both sexes. Data {kDa)
are expressed as means (symbols) = SE (error E 220 5
bars) for 15 mice/group for males and 12 mice/ ) . - 1
group for females. There were no significant kol R
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690 mapping within an internal region of SRC-1 of mouse
origin (1:1000 dilution, M-341; Santa Cruz Biotechnology)
and then a peroxidase-conjugated second antibody. Blots
were visualized using an ECL detection kit (Amersham
Biosciences).

Radiological analysis

Bone radiographs of excised femora, tibias, and the Gfth
lumbar vertebrae from 12-, 16-, and 24-week-old WT and
SRC-I™"" littermates were taken using a soft X-ray appa-
ratus (model CMB-2; SOFTEX). BMD was measured by
DXA using a bone mineral analyzer (PTXImus Mouse Den-
sitometer; GE Medical Systems). CT was performed with a
pQCT analyzer (XCT Research SA+; Stratec Medizintec-
nik) operating at 2 resolution of 80 pum. Metaphyseal pQCT
scans of femora were performed to measure the trabecular
volumetric BMD. The scan was positioned in the metaph-
ysis at 1.2 mm proximal from the distal growth plate. This
area contains cortical as well as trabecular bone. The tra-
becular bone region was defined by setting the threshold ta
395 mg/em® according to a, previous report.®S Mid-
diaphyseal pQCT scans of femora were performed to deter-

mine the cortical volumetwic BMD and the cortical thick-
ness. The mid-diaphyseal region of fernora in mice contains
mostly cortical bone, The cortical bone region was defined by
setting the threshold to 690 mg/ern®.®* The interassay CV's for
the pQCT measurements were <2%. pCT scanning of the fifth
humbar veriebrac was performed using a composite X-ray
analyzer (model NX-CP-C80H-IL; Nittetsu ELEX Co.), and a
total of 300 cross-sectional tomograms per vertebra wege ob-
tained with  slice thickness of 10 pm and reconstructed at
12 X 12 pixels into a 3D featurs by the volume-rending
method (software, VIP-Station; Teijin System Technology)
using a computer (model SUN SPARK-5; Sun Microsysterns).
Electronic sections were cut in the transverse, coronal, and
sagittal planes on 3D reconstructed images.

Histological analysis

Histological analyses were performed using 24-week-old
WT and SRC-17* littermates, For von Kossa and toluidine
blue stainings, lumbar vertebrae were fixed with 70% eth-
anol, embedded in glycol methacrylate without decalcifica-
tion, and sectioned in 3-pum slices using a microtome
(model 2050; Reichert Jung). For calcein double labeling,
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mice were injected subcutaneously with 16 mg/kg body
weight of calcein at 10 and 3 days before death. Sections
with toluidine blue stainings were used to visualize calcein
labels under fluorescent light microscopy. TRACP™ cells
were stained at pH 5.0 in the presence of L(+)-tartaric acid
using naphthol AS-MX phosphate (Sigma-Aldrich Co.) in
N, N-dimethyl formamide as the substrate. The specimens
were subjected to histomorphometric analyses using a semi-
automated system (Osteoplan II; Carl Zeiss), and measure-
ments were made at 400X magnification. Parameters for the
trabecular bone were measured in an area 0.3 mm in length
from the cortical bone at the fifth lumbar vertebrae, Nomen-
clature, symbols, and units are those recommended by the
Nomenclature Committee of the American Seciety for Bone
and Mineral Research. 8

Serum and urinary biochemistry

Blood samples from 24-week-old WT and SRC-177
littermates {n = 15/genotype for muales and n = 12/
genotype for females) were collected by heart puncture
under Nembutal (Dainippon Pharmaceutical Co.) anesthe-
sia, and urine samples were collected for 24 h before death
using oil-sealed bottles in metabolism cages (CL-0305;
CLEA Japan). The levels of calcium, phosphorus, and al-
kaline phosphatase activity in serum were measured using a
calcium HR kit (Wako Pure Chemical Industries), an inot-
ganic phosphorus IT kit (Wako Pure Chemical Industries),
and a liquitech alkaline phosphatase kit (Roche Diagnos-
tics), respectively, with an autoanalyzer (type 7170; Hitachi
Hith-Technologies), Serum osteocalcin levels were mea-
sured using the competitive radioimmunocassay (RIA) kit
(Biomedical Technologies). Serum testosterone and 178-
estradiol (E,) levels were measured using RIA kits (Diag-
nostic Products), and serum leptin was assayed with the
ELISA-based Quantikine M mouse leptin immunoassay kit
(R&D Systerns). Urinary deoxypyridinoline was measured
using the Pyriliks-D ELISA (Metra Biosystems). The values
were corrected according to urinary creatinine (Cr), as mea-
sured by a standard colorimetric technique with an autoana-
lyzer (type 7170). '

Gonadectomy and hormone treatment

Male WT and SRC-1™"" littermates were orchidecto-
mized or sham-operated at 16 weeks of age and implanted
subcutanecusly with 60-day time-release pellets (Innovative
Research of America) containing either placebo or Sa-
dihydrotestosterone (DHT; 10 mg/pellet; 8 mice/group).
Female WT and SRC-1~/" littermates were ovariectomized
or sham-pperated at 16 weeks of age and implanted subcu-
taneously with 60-day time-release pellets containing either
placebo or E; (0.025 mg/pellet; 8 mice/group). For the
glucocorticoid experiment, male WT and SRC-1" litter-
mates were implanted subcutanecusly with 60-day time-
release pellets containing either placebo or prednisolone (4
mg/fpellet) at 16 weeks of age (8 mice/group). BMD of the
fifth lumbar vertebrae was measured in situ by DXA using
a bone mineral analyzer (PIXImus Mouse Densitometer) at
16 and 24 weeks. All mice were killed at 24 weeks of age,
seminal vesicles of male and uteri of female mice were
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excised and weighed, and BMD of the excised fifth lumbar
vertebrae was measured by DXA.

Statistical analysis

All data are expressed as means * SE. Means of groups
were compared by ANOVA, and significance of differences
was determined by posthoc testing using Bonferroni's
method.

RESULTS
Generation of SRC-1"" mice by a Cre-loxP System

We targeted exon 4 of the SRC-7 gene, which encodes the
bHLH domain to generate functionally null SRC-1 mutant
mice (Fig. 1A). The targeting vector was designed with three
loxP sites flanking exon ¢ and the PGKneo cassette. Complets
excision of exon 4 and floxed PGKneo cassette in the L3 allele
mediated by Cre recombinase was confirmed in the genomic
DNA sequence of F, offspring, and the mutation resulted in the
creation of a stop codon at exon 5 by splicing exon 3 and 5
transcripts. Thus, the truncated protein produced from the
deleted allele lacks the C-terminal region that includes all
SRC-1 functional domains for transcriptional activation, his-
one acetyltransferase activity, and interactions with muclear
receptors, CBP, P300, and p/CAF.(42729

Chimeric males derived from targeted L3 ES clones
transmitted the mutation through their germline, yielding
floxed SRC-1 (SRC-1**%) mice. Floxed SRC-1 mice grew
normally and exhibited no overt abnormalities with normal
SRC-1 mRNA and protein expression levels (Figs. 1D and
1E). Floxed SRC-1 mice were crossed with CMV-Cre trans-
genic mice to generate SRC-1 heterozygous (SRC-1*)
mice. Inbreeding of heterozygous SRC-1*~ mice yielded

"SRC-1""" mice in accordance with Mendelian expectations

(Fig. I1C). Short SRC-1 transcripts exclusive of exon 4 were
detected by RT-PCR in the long bones of SRC-I™"" mice
{Fig. 1D); however, because of the creation of a stop codon
at exon 5, no SRC-1 protein expression was shown by
Western blot analysis using an antibody against a carboxy!
terminus of the SRC-1 peptide, confirming disruption of the
SRC-I gene (Fig. IE). Similar mRNA and protein expras-
sion pattems were observed in tissues including liver, kid-
ney, isolated primary osteoblasts, and bone marrow cells,
even when we used other primer sets and antibodies (data
not shown).

Both male and female SRC-I™"" mice grew normally and
were apparently indistinguishable from WT littermnates.
Growth curves determined by the body weight were some-
what similar between WT and SRC-1™~ mice in both males
and females during the observation period up to 28 weeks,
although a slight increase of body weight caused by obesity
was seen in both sexes of SRC-17"" mice as they got older
(Fig. 1F). While no abnormality of reproductive organs,
including ovary and uterus, was found in female SRC-17"~
mice, a slight hypoplasia of testis was seen (~20% in
weight) in males (Fig. 1G). These abnormalities were the
same as those reported in the SRC-I-deficient mice gener-
ated by a conventional method,2®
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FIG. 2. Radiological findings of the long
bones in SRC-I™/~ and WT littermates. (A and
B) Plain X-ray images of fermur and tibia in
representative (A) males and (B) females of both
genotypes at 24 weeks of age. The BMD of the
entire femurs and tibias measured by DXA s
shown in the graphs below. {C and D) pQCT
images of the distal metaphysis (left) and the
mid-diaphysis (right) of the femurs in represen-
tative (C) males and (D) females of both geno-
types at 24 weeks of age. The color gradient
indicating BMD is shown in the right bars. The
trabecular content and density at the metaphysis
and the cortical thickness and densiry at the
mid-diaphysis are shown in the graphs below.
Data in all graphs are expressed as means
(bars} = SE (error bars) for 15 mice/group for
males and 12 mice/group for females. Signifi-
cant difference from WT: *p < 0.05, **p <
0.01.

Femur Tibia

Osteopenia in male and female SRC-17"" mice

To leam the physiological role of SRC-1 in skeletal tissues,
we analyzed the long bones and vertebrag of SRC-7""" mice.
The lengths of the long bones and the trunk of these mice were
similar to those of WT littermates, at least during the observa-
tion period up to 24 weeks of age, indicating that SRC-1 is not
involved in the regulation of skeleta] growth, BMD was similar
between long bones of the two genotypes at 12 weeks of age
and tended to be lower in SRC-1™" than WT' mice at 16
weeks, although this was not statistically significant (data not
shown). At 24 weeks, however, SRC-/™" mice showed
~10% less BMD of long bones than WT littermates in males
(Fig- 2A) and females (Fig. 2B). When trabecular and cortical
bones were analyzed separately in the femora using pQCT,
SRC-17" mice showed ~35-45% lower BMC and BMD of
trabecular bones; however, the cortical bones were not affected
by the SRC-1 deficiency in either males (Fig. 2C) or females
(Fig. 2D},

To investigate the abnormalities of the SRC-1~"" trabec-
ular bones in more detail, we performed morphological
analyses of vertebral bodies that are rich in trabecular bone
in males and females at 24 weeks of age. 3D CT analysis of
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the fifth lumbar vertebrae confirmed the decrease in SRC-
1™ trabecular bone in both sexes (Fig. 3).
Histomorphometric analyses confirmed that the bone vol-
umes (BV/TV) were decreased by 30-40% in the SRC-
1™ males and fernales compared with those of WT litter-
mates (Table 1), Parameters for both bone formation (Ob.S/
BS, MAR, and BFR) and resorption (N.Oc/B.Pm, Oc.S/BS,
and ES/BS) were also significantly higher in SRC-1""~
mice. The increase in bone resorption parameters (~60-
80%) exceeded thar in bone formation parameters (~30~
60%), indicating a state of high-tumover osteopenia that is
characteristic of osteoporosis with sex hormone deficiency.
Biochemical markers in the serum and urine supported
the increase of bone turnover by SRC-1 deficiency (Table
2). Bone formation markers (serum alkaline phosphatase
and osteocalcin) and a bone resorption marker (urinary
deoxypyridinoline) were higher in both males and females
of SRC-1~"" mice than those in WT littermates. The serum
calcium and phosphorus levels were similar between the
two genotypes, suggesting that the skeletal abnormatities by
SRC-1 deficiency were not the result of the changed cal-
cium or phosphorus levels. Considering that SRC-1"" mice
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FIG. 3. Radiclogical and histological findings of the lumbar verte-
brae in SRC-1™"" and WT littermates. 3D CT images of the fifth
vertebrae in representative males and females of both genotypes at 24
weeks of age. The BMD of the entire fifth vertebrac measured by DXA
was 58.7 = 1.5 (male WT), 49.0 % 2.1 (male SRC-17""), 48.7 = 3.3
(female WT), and 41.6 + 1.4 mg/iom® (female SRC-1™"") for 15
mice/group for males and 12 mice/group for females, There were
significant differences between WT and SRC-I7 in both sexes (p <
0.05).

showed a slight obesity at this age, we measured the serum
level of leptin, which has recently been reported to be an
antiosteogenic factor. The level was somewhat upregulated,
although not significantly, in SRC-I~"" mice. Interestingly,
despite the high bone tumover, the serum levels of both
testosterone in males and estradiol in females were elevated
in SRC-1™"" mice, suggesting a compensatory mechanism
in the endocrine system for the insensitivity to these sex
hormones.

Insensitivity to administration of sex hormones in
gonadeciomized SRC-17"" mice

To examine the involvement of SRC-1 in the skeletal
actions of sex hormones, we performed hormone adminis-
tration experiments (Figs. 4A-4D). After orchidectomy and
ovariectomy on males and females, respectively, at 16
weeks of age, a slow-releasing pellet of sex hormone or
placebo was subcutaneously implanted, and BMD was mea-
sured at 24 weeks, Effects of gonadectomies and hormone
replacements were confirmed by seminal vesicle and wierine
weights of males and females, respectively (Table 3). Both
orchidectomy and ovariectomy markedly decreased thege
weights in WT and SRC-1™"" mice. DHT and E, restored
them to the levels similar to those of sham-operated mice in
WT, whereas these hormones restored almost one-half of
them in SRC-1™" mice, which is consistent with a previous
study using another SRC-! knockout mouse.®® Regarding
BMD, besides the raw BMD values (Figs. 4A and 4C), the
percent changes from baseline to final BMD during 8 weeks
(Figs. 4B and 4D) were also compared between WT and
SRC-17"" mice. Both orchidectomy and ovaricctomy de-
creased bone velumes of the two genotypes to the same
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Ievels in both sexes (~435.0 mg/cm? in males and 38.5
mg/em? in females). When slow-releasing pellets of DHT
and E, were subcutaneously implanted in the gonadecto-
mized males and females, respectively, they prevented bone
loss in WT mice. However, these hormone replacements
restored little of the bone loss in SRC-17~ mice, indicating
that SRC-1 deficiency impairs the skeletal responses to sex
hormones in both males and females,

We further examined the contribution of SRC-1 to the
catabolic action of glucocorticoids on bone (Figs. 4E and
4F). When a slow-releasing pellet of prednisolone was
implanted at 16 weeks, BMD was reduced similarly in WT
and SRC-I™" littermates, ~10% during the following $
weeks, suggesting that SRC-1 is not essential in the bone
catabolic action of glucocorticoids mediated by GR.

DISCUSSION

In this study, we originally generated SRC-77/" mice by
means of a Cre-loxP system and confirmed the lack of
SRC-1 gene expression in bone and other tissues. There is
another SRC-1 knockout mouse line that was generated by
the O’Malley group, using a conventional gene targeting
method.®” Because both our SRC-1~"" mice and the con-
ventional SRC-1 knockout mice have similar genetic back-
grounds by being extensively backcrossed into C57BL/S,
we assume that the two mice should exhibit similar pheno-
types. Modder et al.®® recently reported skeletal pheno-
types of the conventional SRC-I knockout mice showing
resistance to the osteoanabolic action of estradiol in ovari-
ectomized females, which is consistent with our results,
Comparison of the two knockout mice is summarized in
Table 4, In the conventional knockout mice, the targeting
event inserted an in-frame stop codon at the Met (381) in
exon 1, causing the downstream deletion of genomic se-
quence, Although the RNA encoding the bHLH-PAS do-
main was normally expressed in the knockout mice, all
SRC-1 functional dotnains for transcriptional activation
were confirmed to be disrupted, and it was not likely to have
a dominant negative effect, because the bHLH-Per-Amt-
Sim (PAS) domain interacted with neither the full-length
SRC-1 nor other SRC-1 family members such as TIE2.G%
In our SRC-1"/" mice, a stop codon created in the middle of
the bHLH-PAS domain at exon 5 predicts a truncated prod-
uct that is shorter than that in the conventional SRC-!
knockout mice. Besides the skeletal finding in female mice
in the previous report,®® this study revealed that the SRC-1
deficiency also caused resistance to ostecanabolic action of
androgen in orchidectomized males and no abnormality in
osteocatabolic action of glucocorticoids. Discrepancy be-
tween the previous and present studies seems to be the bone
phenotype under physiological conditions: their conven-
tional SRC-! knockout mice did not exhibit osteopenia,
whereas our SRC-1""" mice did. We believe, however, that
this discrepancy is caused by the difference in age when the
analyses were done: 12 weeks for them versus 24 weeks for
us. In fact, our study also did not detect significant differ-
ence of BMD at 12 weeks between WT and SRC-1"7
littermates of either sex under physiological conditions. It is
speculated that, with aging, the compensatory elevation of
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Taste 1, HiSTOMORPHOMETRY OF TRABECULAR BONE OF LUMBAR VERTEBRAE

MAR BFR N.Oc/B.Pm
BVAV (%) Ob.S/BS (%) (pm/day} (e /um?iday) (/100 mm) 0c.5/BS (%) ES/BS (%)
Male
wT 16.48 = 2.09 6.27 + 0.63 094 0,19 0.08 > 0.02 9424 = 1131 2,10 2015 345+ 049
SRC-[~ 11.53 £ 1.39* 915 * 0.81* 140 £ 0,15* 0.13 0,02 159.05 * 12,02 1500217 5732057
Female
WT 12.97 = 0.65 8552051 102 x0.11 0.11 = 0.01 109.65 = 12.64 241 *0.19 372025
SRC-171- 77320595%  11.02x1.32 142 * 0.08* 0.18 = 0.03* 174,95 * 24,39+ 428 031" 647021

Parameters for the trabecular bone were measured in an area 0.3 mm in length from cortical bone at the fifth lumbar vertcbrae in toluidine blue and calcein
double-tabeled sections. Data are expressed as means + SEM (1 = 15/group for males and n = 12/group for females), BV/TV, trabecular bone volume
expressed as a percentage of total tissue volume; Ob.S/BS, percentage of bone surface covered by cuboidal osteoblasts; MAR, mineral appaosition 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 manire
osteoclasts in [0 em of bene perimeter; Oc.5/BS, percentage of bone surface covered by mature osteoclasis; ES/BS, percentage of eroded surface,

*p < 0.05; Tp < .0l; significantly different from WT mice.

TABLE 2. SEruM AND UrmvaRY BlocHEMISTRY

Serum Urine
Osteocalcin Lepiin Testosterone  17B-estradiol DPD
ALP (IUAliter) (ng/mi) Ca (mg/dl) P (mg/dl) {ng/mi) (ng/mi) {pg/mi) {nM/mM Cr)
Male
WT 78.16 £ 691 2061 *1.76 7.93 +0.21 752049 601+074 245+033 234 021 829 > 042
SRC-17'"  99.6T£816% 2642 2.16* 811 = 0.18% 7.51%0.57 745+ 0.57 341 2042 278 £028 1131 = 0.1*
Female
WwT 90222574 2505+ 162 804£0.11 7.18+029 6.37*0.67 ND 5.18 057 932+ 0.19
SRC-I™™ 11713 7.72* 31334 = 1.41' 787 =0.19 715041 8.13*1.24 ND TI22064* 1271 %028

Data are expressed as means = SEM (n = I5fgroup for males and n =
DPD, deoxypyridinoline; ND, tot detected.

12/group for females). ALP, alkaline phosphatase; Ca, calcium: P, phosphorus;

Concentration of DPD was ¢ollected according to urinary creatinine cancentration,

*p < 0.05; Tp < 0.01; significantly different from WT mice.

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

Administration 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-17/~
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 hermones on bone for the fol-
lowing reasons. First, morphological and biochemical anal-
yses revealed that SRC-17'" mice exhibited the decrease in
trabecular bone with a high turmover state, which is char-
acteristic of the pathology of sex hormone 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
physiological and pathological conditions.

In males, as well as activating the AR, androgens can be
converted into estrogens by the enzyme aromatase,®® 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-I™" 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.®'*# Under physiological
conditions, however, there are 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,”*3* 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 estrogen/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-7~"" 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 it SRC-1""" and WT litermates. (A and B) Male
WT and SRC-/~" littermates were orchidectomized or sham-operated
at 16 weeks of age and implanted subcutancously with slow-releasing
pellets containing either placeba or DHT (10 mg/pellet). At 16 and 24
weeks of age, BMD of the fifth lumbar vertebrae was measured by
DXA. (C and D) Female WT and SRC-I™*" littermates were ovariec-
tommized 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 measured as described above, (E and F)
Male WT and SRC-1™" littermates without operation were implanted
subcutaneously with slow-releasing pellets containing either placebo or
prednisolene (PSL; 4 mg/pellet) at 16 weeks of age. BMD was mea-
sured as described above. Both the (A, C, and E) raw BMD values of
the excised vertebrae at 24 weeks and (B, D, and F) the percent changes
of BMD of the vertebrac measured in situ during 8 weeks were
compared between WT and SRC-!™*" mice. Data in all graphs are
expressed as means (bars) = SE (error bars) for 8 mice/group. 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-1 knock-
out mice,” A previous study examining ERa and ERS
expressions by immunohistochemistry in neonatal human
ribs showed that trabecular bone contains both ERs,
whereas only ERa was detected in cortical bone.“®’ Modder
et 2199 also showed that the caneellous bone of the mouse
vertebrae contains both ERs, whereas the cortical bone of
the mouse femur contains exclusively ERea. In addition,
another recent study revealed that, in osteoblastic cells,
SRC-1 potentiates the transcriptional activity of co-
expressed ERo/ERB or ERS alone, with little or no poten-
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tiation of ERe."*Y 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 ERe versus ERBin 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-I knockout mice are reported to be
obesity prone under a high-fat diet.“? In this study as well,
our SRC-I""" 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
Ieptin, an anorexigenic homeone secreted by adipocytes,
alsa shows antiosteogenic action centrally through hypotha-
lamic 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-1""" bone exhibited high bone turnaver
with stimulated bone formation, which is the opposite of
leptin action.

Nuclear receptors exert their lissue-specific function us-
ing different coactivator/corepressor complexes ingeniously
and appropriately in cach tissue."™'**) Therefore, it is
possible that not only 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 individuals in the seasitivity 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, ard 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 a
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 to be more sensitive to
sex hormone deficiency than mice.
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TasLE 3. EFFECTS OF GONADECTOMIES AND Hormone REPLACEMENTS ON Rerroouctive Tissues

wr SRC-I~'~
Sham + Gonadeciomy ~ Gonadectomy Sham + Gonadectomy  Gonadectomy
placebo + placebo + hormone placebo + placebo + hormone
Seminal vesicle weights of males (g)  0.31 + 0.03 0.03 = 0.01* 0.35 003 028003 0.03+001* 0.18 = 0.02'
Uterine weights of females (g) 0.12 £ 0,02 0.02 £ 001* 0.13+003 Q.11 % 0.03 002 *0.01= 0.05 = 0.02*
Data are expressed as means = SEM (n = 8/group for males and fernales).
*p < 0.0L, significantly different from the respective sham group.
'p < 0.01, significantly different from the raspective WT mice.
TaBLE 4. Comparison BETweEen Two SREC-1~' Knockout Mice
Modder et al.™® This study

Generation of mice

Targeting method Convendonal
Locus of stop codon Exon 11
Genetic background C57BL/6
Physiological conditions
Age of analysis 12 weeks
Skeletal phenotype
12 weeks Normal
24 weeks —
Hormone administration experiments
Age 12-20 weeks
Estrogen action on females Decreased

Estrogen dose/peliet
Androgen action on males
Glucocotticoid action on males

15 pg/60-d & 60 ugrs0-d

Floxed mice X CMV-Cre ansgenic mice
Exon 5
C57BLSS

12 & 24 weeks

Normal
Osteopenia

16-24 weeks
Decreased
25 pgf60-d
Dec¢reased
Unaffected

L.
12.
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We examined the in vivo role of membrane-bound pros-
taglandin E synthase (mPGES)-1, a terminal enzyme in
the PGE,-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
maodel 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.

Prastaglandin (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 led to molecular identification and characterization
of various enzymes involved in the biosynthesis of PGE,, in-
cluding phosphalipase A, (PLA,), eycloozygenase (COX) and
terminal PGE synthase (PGES) (1). Each of these three enzy-
matic steps can he rate limiting for PGE, biosynthesis and
involves multiple enzymes/isozymes that can act in different
phases of cell activation. The PGE, preduced 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 cytosclic 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 gicosanoid and
GSH metabolism) family (4-6), This enzyme is induced mark-
edly by proinflammatory stimuli, is down-regulated by anti-
inflammatory glucocorticoids, and is functionally coupled with
COX-2 in marked preference to COX-1. Induction 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-1 promoter, leading to mPGES-1 tran-
scription (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 proteolytic removal of the N-terminal hydrophobic
domain leads to the formation of & mature eytosolic enzyme (15,
16). This enzyme is rather constitutively expressed in various
cells and tissues and is functionally coupled with bath 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 imrmediate
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 (12 and p3) have the abil-
ity to catalyze the isomerization of PGH, to 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 pathophysiological
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 propesal 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 (KO) 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 atcompanying angiogenesis, and arthritis induced by
collagen antibody.

EXPERIMENTAL PROCEDURES

Animals—Male C57BL/6 mice were obtained from Saitama Animal
Center. The mPGES-1 KO mice and littermate wild-type (WT) mice
(C57BL/6 x 129/5vJ background) were described previously (20). Male
mice (7 weeks old) were used in each experiment. Mice were housed in
microiselator cages in a pathogen-free barrier facility, and all experi-
ments were performed under approved institutional guidance.

Agents—LPS (Escherichia coli 0111:B4), goat anti-mouse vascular
endothelial cell growth factor (VEGF), and indomethacin were pur-
chased from Sigma. Mouse anti-human cPLA,« 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 ¢PGES (17) were prepared
as described previously. Rabbit anti-mouse histidine decarboxylase
(HDC) antibody was donated by Dr. S. Tanaka (Kyoto University) (21).
Enzyme immunoassay 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 g of protein equivalents) was incubated with 0.5 ug of
PGH, for 30 3 at 24 °C in 0.1 ml of 0.1 M Tris-HC! (pH 8.0) containing
1 mu glutathjone 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 recovered from mice that had received thioglyeollate medium
(Difeo) (1 ml/20 g of body weight) 4 days before (22). The peritoneal cells
were geeded into 6- or 12-well plates (Iwaki Glass) at a cell density of
10° cells/m] 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 h in a CO, incubator, the supernatants and
nenadherent cells were removed. More than 90% of adherent cells were
macrophages. Then tha 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 HindIII
sites at their 5'- and 3'-ends, respectively, were annealed, cut with
BamHI and Xbal, and then ligated into the BamHI/Xbal-digested
pRNA-UE. LHygro vector {GenScript) using T4 ligase (Takara Biomedi-
cals). After transformation into DH5a-competent cells (TOYOBRO), the
plasmid was extracted and purified using the Endofree Plasmid Maxi
Kit (Qiagen).

Transfection of the plasmid into peritoneal macrophages was per-
formed by lipofection, as described previously (4). Briefly, 5 pg of the
plasmid was mixed with 10 ul of LipofectAMINE 2000 (Invitrogen) in
100 xl 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 ml of fresh culture medium and
then incubated with or without 10 pg/ml LPS in medium containing 2%
fetal calf serum for 16 h.

Acetic Acid Writhing Reaction—The writhing reaction was induced in
mice by intraperitorieal 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 ml 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 carboxymethylcellulose 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 responses 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 Hanks' 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 ml of methanol, as
described previously (23, 24). A trace amount of PH]PGE, (Cayman
Chermnicals) was added to the samples before passage through the car-
tridges to calibrate the recovery of PGs. The solvent of the samples wag
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 Ca.) 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 deseribed previously
(25). After appropriate periods, the mice were anesthetized and killed,
and the granulation tissues were dissected togsther 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 homogenized with a Polytron homogenizer in a homogenizing
buffer comprising 20 mM Trig-HCI (pH 7.4), 250 mm sucrose, 0.5 mM
EDTA, 10 uM indomethacin, 1 pM phenylmethylsulfonyl flucride, and
0.5% (v/v) Triton X-100, The obtained tissue homogenates were centri-
fuged at 3,000 rpm for 5 min, and 200-u] 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 (Wake), PGs were extracted from the homoge-
nates with Sep-Pak C18 cartridges and quantified by enzyme immuno-
assay, as described above,

Western Blotting-—Aliquots of samples (20-pg protein equivalents)
were subjected to SDS-PAGE using 7.5% (for ¢PLA,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/%) skim milk in Tris-buffered saline (TBS (pH 7.4))
containing 0.05% Tween 20 (TBS-Tween), the membranes were probed
with the respective antibodies (1:5,000 dilution for ¢PLA,«, 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 cPLA,z),
anti-rabbit (for PGESs and HDC), or anti-goat (for COXs and VEGF)
IgG antibody (1:5,000 dilution in TBS-Tween) for 2 h, and were visual-
ized with the ECL Western blot system (PerkinElmer Life Sciences), as
described previously (4).

Immunchistochemistry—Formalin-fixed, paraffin- embedded sec-
tions of the granulation tissue sections were incubated with Target
Retrieval Solution (DAKOQ) as required, incubated for 10 min with 3%
(vA) H,0,, washed three times with TBS for 5 min each, incubated for
30 min with 5% (viv) skim milk, washed three times with TBS-Tween
for 5 min each, and incubated for 2 h with anti-mPGES-1 antibody in
TES (1:100 dilution). After five washes, the sections wers 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 et al, (26, 27). Briefly, mice were
injected intraperitoneally with 10 mg of anti-type IT collagen mono-
clonal antibodies (Immuno-Bialogical 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 §.1 ml of saline
was injected in place of the antibodies or LPS, respectively. The clinical
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Fic. 1. PGES enzymatic activities in tissues of WT and mPGES-1 KO mice, A, tissues from WT and mPGES-1 KO mice treated for 24 h
with (+) or without (=) LPS were komogenized, and PGES enzymatic activities in their membrana 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 03 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 2 maximum arthritis score of 12 for each animal. On
day 28, the rpice were anesthetized with ketamine/xylazine solution
end a radiograph was taken with a soft x-ray apparatus (CMB.2;
SOFTEX). After perfusion of mice with 4% (whv) buffered paraformal-
dehyde, fore and right hind limbs were removed, decalcified in 10%
(w/v) EDTA, and ertbedded in paraffin, and 5-pm sections were stained
with hematoxylin and eosin or toluidine blue. Bone resorption 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 II; Carl Zeiss), and measurements were made at a
mapgnification of X400. Osteoclast number and eroded surface were
roeasured at the carpometacarpal joints in the metacarpal bones.

After perfusion fixation, left femora and tibiae were excised and hone
mineral density (BMD) was measured by dual energy x-ray absorpti-
ometry using a bone mineral analyzer (DCS-600; Aloka Co.). To evalu-
ate bone destruction of the knee joint area, BMDs of four equal longi-
tudinal divisions in femur and tibia were measured, and the EMD
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—Protein 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 ¢t test. Results
are expressed as the mean * SE., with p = 0.05 as the limit of

significance,
RESULTS

mPGES-1 Is a Major Inducible PGES in Vivo—Fig. 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. 14).

Immunoblotting 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 demonstrating 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 sar
(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-
treated 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-1 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 a 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, L.PS-stimulated PGE, pro-
duction was impaired markedly in macrophages derived from
rPGES-1 KO mice relative to those derived from WT mice over
the entire culture period (Fig. 2B). Constitutive expression of
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F16. 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 supermatants 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 KQO-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.

c¢PLAya, 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. 2¢), 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-
l-null macrophages reached as much as 8% of that produced by
WT cells after 12-h eulture with LPS (Fig. 2B, inset). To assess
which COX isoforms contribute to PGE, production in mPGES-
l-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 N5-398, 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 perftoneal 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, involved 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. 34, 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, [ower 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 PGL,, 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 C) and mPGES-1
KO (B} mice before (upper) and 24 h after (lower) treatment with LPS. In C, indomethacin 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 prostancids in the peritoneal cavitiea of LPS-primed (fower) and
unprimed (zpper) mice 15 min after injection of acetic acid. Levels of PGE; and PGF,, in LPS-unprimed mice are magnified in the inset. Values

are the mean * SE. (n = 7; *, p < 0.05).

TabLe I
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 LIPS priming; **, <005
versus respective WT control. IM, indomethacin.
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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
as ~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 lavel of
mPGES-1 is constitutively expressed (33), might also affect
pain perception by spinal neurons. As reported previously (23,
24), PGI, is the major prostanocid 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 PG, in mPGES-1
KO mice were significantly lower than in WT mice after LPS
priming (Fig. 3D), suggesting partial dependence of PGL, 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

PGI, 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-1 in Inflarnmatory 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 C57BL/6 mice, events that were ame-
liorated in replicate mice treated with indomethacin, implying
the involvement of prostanoid(s). Quantification studies re-
vealed that the weights 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 KQ 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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FIc. 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 (IM) 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 + 5.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 around 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 were quantified (D). Values are the mean + S.E, (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 granulation 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
panel). 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 indueci-
ble expression of COX-2 reached a peak on days 1-3 and then
declined (Fig. 4F), thus roughly coinciding with the levels of
PGE, in the granulation tissue (Fig. 4D, right panel). The
expression level of COX-2 wasg 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
compared 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 periods (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 muscle 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
fibroblastic layer of WT mice than in that of KO mice (Fig. 5B).
For quantification of capillary vessel formation, we tock 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 < 0.08), 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—Fx-
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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F1c. 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 (4) and high
(BYmagnifications. Arrow and asterishs in
A indicate the edematous lesion in the
smooth 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
cotton 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/I (43), the CATA model has the great advantages
of applicability to various strains, rapid induetion, 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/6 X 129/SvJ background. How-
ever, after application of the antibedy 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.

Analyses of mPGES-1-deficient Mice

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. 64), 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. 6B). 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,



Analyses of mPGES-1-deficient Mice

A

F16. 6. Reduced severity of CAIA in
mPGES-1 KO mice. mPGES-1 KO and
WT' mice were injected with anti-collagen
monoclonal antibodies (mAb) 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
wag graded on a 0-3 scale as described
under “Experimental Procedures.” Values
are the mean * SE. (n = 10-11; *,p <
0.05 versus 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, meagure-
raent (8) 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 parels). Cartilage degen-
eration was also evident in the toluidine blue-stained sections
{Fig. TA, lower twe 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%, therehy
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
obvious 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. 7D). Collectively, these results indicate that mPGES-1-
derived PGE, may be involved in development of CAIA and the
accompanying joint destruction.

DISCUSSION

In keeping with various pathophysiological 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 vive func-
tions of mPGES-1, a terminal PGE,-biogynthetic 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, cPGES, 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). Qur results are in
many aspects consistent with a recent report by Audoely 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/SvJ, 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



