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Adiponectin Replacement Therapy Attenuates Myocardial
Damage in Leptin-deficient Mice with Viral Myocarditis
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The effects of adiponectin replacement therapy on myocardial
damage were studied in leptin-deficient (OB) mice with acute viral
myocarditis. Encephalomyocarditis virus was injected
intraperitoneally into OB and wild-type (WT) mice. One subgroup of
OB mice received no intervention and another subgroup received
daily adiponectin replacement, simultaneously with viral inoculation.
Differences in heart weight, cardiac histological score, numbers of
infiltrating or apoptotic celis in the myocardium and the
immunoreactivity of adiponectin receptors in myocytes were
determined. The reactivity of adiponectin receptor 1 in myocytes
from OB mice on day 4 and day 8 after viral inoculation was
significantly decreased compared with that in myocytes from WT
mice; the OB mice also had elevated cardiac weights and severe
inflammatory myocardial damage. Adiponectin replacement in OB
mice inhibited the development of severe myocarditis by
augmenting myocyte adiponectin receptor 1 reactivity. Exogenously
administered adiponectin may inhibit the progression of viral
myocarditis through binding to the adiponectin receptor 1 in leptin-
deficient conditions.
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Abstract

Receptor activity modifying proteins (RAMPs) act as receptor modulators that determine the ligand specificity of
receptors for the calcitonin (CT) family. The purpose of this study was to analyze the expression of RAMPs in
osteoclast-like cells using the laser capture microdissection (LCM) technique. Mouse bone marrow and spleen cells
were co-cultured on a film designed for LCM. After 10 days, 250 osteoclast-like cells were captured using the LCM
system. Total RNA from these cells was used to synthesize ¢cDNA and RT-PCR analysis was performed.
Osteoclast-like cells expressed CT receptor (CTR), CT receptor-like receptor (CRLR) and RAMP2, but did not express
RAMP1 or RAMPS. These results indicated (1) that a pure population of osteoclast-like cells can be prepared by LCM
and gene expression of this population can be analyzed by RT-PCR and (2) that RT-PCR shows that osteoclast-like
cells express RAMP2, CTR and CRLR, suggesting the potential for adrenomedullin bmdlng to osteoclast-like cells.

This is the first report that osteoclast-like cells express RAMP2,
Journal of Molecular Endoctinology (2005) 34, 257-261

Introduction

The calcitonin (CT) family of peptides compriseé five

known members: GT, amylin (AMY), two CT gene-
related peptides (CGRP1 and CGRP2) and adreno-
medullin (ADM). Receptor activity modifying proteins
(RAMPs) comprise a family of accessory proteins for G
. protein-coupled receptors, three of which act as receptor
modulators that determine the ligand specificity of
receptors for CT family members. CT receptor-like
receptor (CRLR) has been shown to form a high affinity
receptor for GGRP, when associated with RAMP], or,
when associated with RAMP2 or RAMP3, to specifically
bind ADM (McLatchie et al. 1998, Sexton et al. 2001).
RAMPs are type 1 transmembrane proteins that share
~30% amino acid identity and a common predicted
topology, with short cytoplasmic C termini, one trans-
membrane domain and large extracellular N termini
that are responsible for the specificity (McLatchie ¢t al.
1998, Fraser ef al. 1999). More recently, GT receptor
(GTR) was demonstrated to form heterodimeric
complexes with RAMP. CTR/RAMP! and CTR/
RAMP3 heterodimers exhibited the pharmacological
profiles of receptors specific for AMY (Christopoulos
et al. 1999, Muff ¢f al. 1999, Sexton et al. 2001). -
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There is significant interest In analyzing gene
expression of distinct cell populations. Heterogeneous
populations of cells within tissues of various types possess
correspondingly different patterns of gene expression,
and these cell types must be separated from one another
for accurate assessment of gene expression. Tong ef al.
(1994) has reported that a microisolation system using a
micromanupilator tool was applied for mRNA pheno-
typing of a blood cell lineage. Laser capture microdissec-
tion (LCM) is a particularly useful tool for recovering
small cell samples and even enables the collection of
individual cells from tissue sections (Emmert-Buck et al.
1996). This method facilitates the separation of histologi~
cally distinct cells so that proteins, DNA or RNA from
these cells can be analyzed in isolation from the surround-
ing cells (Bonner ¢ al. 1997). Osteoclasts act centrally in
the remodeling of bone in normal and diseased states.
Nonetheless, because of their low numbers within bone,
cell culture model systems have been increasingly used
to investigate the biochemical functions of osteoclasts
(Udagawa et al.1989, Nakamura et al. 1998). However,
because of their heterogeneity and adherence to the
plate in such systems, there has been difficulty and
controversy in analyzing these cell types. Thus, a more
sensitive isolation method for osteoclasts is needed.
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"T'o address this problem, we used LCM techniques to
isolate a pure population of osteoclast-like cells. We then
analyzed RAMP gene expression in microdissected
osteoclast-like cells using RT-PCR.

Materials and methods

An in vitro osteoclast model

Osteoclast differentiation # vitro was induced using the
technique described by Udagawa et a/. (1989). Both bone
marrow cells and spleen cells were obtained from 10-
to 14-week-old male C57BL/6 mice (Charles River,
Sagamihara, Japan). The bone marrow cells were
collected from tibiae and femora. Splenic tissue was cut
with scissors and dispersed by pipetting, then the spleen
cells were collected by centrifugation at 1000 r.p.m. for
5 min at 4 °C. Bone marrow cells were co-cultured with
spleen cells (2 X 10° cells/ml for each cell type) on a film
produced for use in LCM (Matsunami Glass Co., Osaka,
Japan) for 10 days at 37 °C in a humidified atmosphere
of 5% COg. Cultures were fed with a-modified Eagle’s
medium supplemented with penicillin and streptomycin,
10% fetal calf serum (Hyclone, Logan, UT, USA) and
1078 M 1,25(0H), D4 (Calbiochem-Novabiochem Co.,
San Diego, CA, USA). Multinucleated osteoclast-like
cells were then isolated using LCM. All the animal
experimental procedures were approved by the Animal
Care and Use Committee of Wakayama Medical
University (Wakayama, Japan).

LLCM of samples -

Before LCM, cells were fixed in ethanol for 1 min and
stained for 3 min with filtered hematoxylin. They were
then washed with sterilized water and air-dried for
10 min. LCM of cultured osteoclast-like cells was per-
formed using the Application Solutions Laser Micro-
dissection System (Leica Microsystems Co., Tokyo,
Japan) according to the manufacturer’s instructions.

RNA isolation
Total RNA was extracted from 250 LCM-captured cells

~and 250 spleen cells. The spleen cells used for RNA

extraction were from an aliquot of those prepared for
the co-culture system. Total RINA extraction was
performed using TRIzol LS Reagent (Invitrogen Life
Technologies Co., Carlsbad, CA, USA) as described by
the manufacturer. Briefly, 170 pl TRIzol reagent was
added to a tube containing LCM cells and this was
incubated for S min at room temperature. Forty
microliters of chloroform were then added and the tube
was incubated at room temperature for a further 15 min.
The samples were then centrifuged at 12000 g for
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15 min. The aqueous phase was transferred to a new
tube and isopropyl alcohol was added followed by
centrifugation at 12000g for 10min. The RNA
precipitate was washed with 70% ethanol and dissolved
in 20 pl sterilized water.

RT-PCR

The SUPERSCRIP One-Step RT-PCR with PLATI-
NUM Taq (Invitrogen Life Technologies Co.) was used
to synthesize ¢cDNA and PCR was performed as
described by the manufacturer. The nucleic acid
sequences of primers used for RT-PCR are shown in
Table 1. RT-PCR reactions were initially performed in
a 25 pl reaction volume containing 1 pl of each primer
(at 100 ng/pl) and 3 pl RNA as template. The reactions
were run at 55 °C for 30 min (cDNA synthesis) and
94 °C for 2 min (pre-denaturation), followed by 45 cycles
of 94°C for 30 s (denaturation), 53 °C for 30 s
(annealing) and 72 °C for 30 s (extension), followed
by 7 min at 72 °C (final extension). To increase the
detection capacity, we performed a second round of
PCR. The second-round PCR reactions were carried out
using Taq polymerase (Perkin-Elmer-Cetus, Norwalk,
CT, USA) with 8 ul RT-PCR products as template (final
25 pl reaction mixture) under the following conditions:
85 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for
30 s. In the second-round PCR, CTR was amplified
using 2nd sense and anti-sense primers (Table 1). The
primers of CRLR, RAMPI, 2, 3, alkaline phosphatase
(ALP) and PB-actin for the second-round PCR were the
same primers as those used in the initial RT-PCR. The
samples were electrophoresed in 3% agarose gels and
stained with ethidium bromide.

Results and discussion

We have developed a rapid and precise method for the
isolation of pure populations of osteoclast-like cells using
LCM. Figure 1 illustrates two osteoclast-like cells before
and after LOM. T'wo hundred and fifty cells with > three
nuclei each were isolated. Total RNA was extracted and
RT-PCR was used to analyze multiple gene expressions.
Figure 2 shows the RT-PCR results for CTR, RAMP1,
2 and 3, CRLR and B-actin. The predicted sizes were
clearly visualized by ethidium bromide staining. RT-
PCR results showed that the ubiquitous gene, PB-actin,
was amplified from both spleen and osteoclast-like cells,
whereas CTR mRNA was amplified from osteoclast-like
cells alone. RAMP1 and RAMP3 mRNAs were ampli-
fied from spleen cells alone. RAMP2 and CRLR
mRNAs were amplified from both types of cells.

In the present study, we were able to isolate a pure
population of osteoclast-like cells and detect a series of
gene expressions. Two hundred and fifty cells were

www.endocrinology-journals.org
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Table 1 Oligonucleotide sequences used for PCR

Osteoclast-like cells express RAMP2

Sequence Size
Target
CTR 1st sense, 5'-GTCTTGCAACTACTTCTGGATGC-8 2565 bp
1st antisense, 5'-AAGAAGAAGTTGACCACCAGAGC-3' {(Inoue et al. 1999)
2nd sense, 5'-GTCTTGCAACTACTTCTGGATGC-3' 104 bp
2nd antisense, 5'-GAAGATAGTACCAGCGTAGGC-3' (U18542%)
RAMP1 Sense, 5'-CACCATCTCTTCATGGTCACTG-3' 187 bp
Antisense, 5'-CAATCGTGTGCGCCACGTGC-8' (AJ250489)
RAMP2 Sense, 5'-TGGATCTCGGCTTGGTGTGAC-3' 217 bp
Antisense, 5'-GCAAGGTAGGACATGTGTTTCG-3' (AJ250490)
RAMP3 Sense, 5-TTGTGGTGAGTGTGCCCAGG-3’ 189 bp
Antisense, 5'-CCCATGATGTTGGTCTCCATC-3' (AJ250401)
CRLR Sense, 5'-TGTAATAACAGCACGCATGAG-3' 225 bp
Antisense, 5'-GTTATTGGCCACTGCCGTGA-3' (AF146525)
ALP Sense, 5'-ATCGGGACTGGTACTCGGATAA-3 152 bp
Antisense, 5'-ATCAGTTCTGTTCTTCGGGTAC-3’ (NM007431)
B-Actin Sense, 5'-GTGGGCCGGTCTAGGCACCA-3' 246 bp

Antisense, 5'-GGTTGGCCTTAGGGTTCAG-3'

(Flores-Delgado et al. 1998)

*Accession number of GeneBank.
ALP, alkaline phosphatase.

used for RNA' extraction and cDNA synthesis. Three
microliters of the 20 pl cDNA solution was successful for
each gene amplification. Approximately 40 cells were
therefore used for RT-PCR analysis. Naot et al. (2001)
have reported that osteoclastic cells such as primary
osteoblasts and UMR 106-06 cells expressed all three
types of RAMP analyzed using RT-PCR. A very high
expression of mRINA for RAMP2 was detected in those
cells, compared with those for RAMP]1 and RAMP3.
Previous studies showed that osteoblast but not osteo-
clast cells express ALP (Tong et al. 1994). To exclude the
possibility of osteoblast contamination, we investigated
ALP mRNA expression in the microdissected osteoclast-
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like cells. The result showed that no ALP mRNA was
detectable (Fig. 3), which supported the idea that
RAMP?2 was amplified from osteoclast-like cells. Thus,
LCM is a useful technique for isolation of small cell
samples, and our strategy might be extended to other
procedures, such as quantitative RT-PCR to measure
mRNA levels in the osteoclast. The bone marrow
macrophages are the precursors of osteoclasts; it will
be interesting to compare gene expression between
osteoclasts and bone marrow macrophages, Immuno-
staining of the Fc receptor, G3 receptor or vitamin D
receptor will help to distinguish those cell types in our
co-culture system. However, in order to perform RNA

Figure 1 Osteoclast-like cells were isolated by using LCM. Two osteoclast-like cells (A) before and (B) after microdissection are

Journal of Molecular Endocrinology (2005) 34, 257-261
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Osteoclast-like cells express RAMP2

M.W.

H,0

2

spleen Oc

B-actin 'z

Figure 2 mRNA expression of various genes in spleen and
osteoclast-like cells. Total RNA was extracted from
microdissected osteoclast-like cells and spleen cells, RT-PCR
was carried out to analyze the gene expression. -actin served
as the positive contro|. The products were electrophoresed in
3% agarose gels and stained with ethidium bromide. RAMP1,
RAMP2, RAMP3 and CRLR were detected in spleen cells.
M.W., molecular weight markers; H,0, H,O as template served
" as negative control; spleen, using RNA from spleen as
template; Oc, using RNA from osteoclast-like cells from LCM
as template.

analysis after immunostaining, further efforts should be
made to modify the conventional staining protocol to
protect RNA from degradation.

Our findings that osteoclast-like cells expressed
RAMP2 and CRLR as well as GTR provide the first
evidence that osteoclasts express RAMP2. These results
suggest that osteoclasts may have the ability to bind

M.W. H,0

spleen Oc

ALP

B-‘actin_ - —— | +246 bp

Figure 3 RT-PCR analysis of ALP expression. ALP expression
was detected in spleen cells but not'in osteoclast-like cells;
M.W., molecular weight markers; H,O, RT-PCR products using .
H,O as template; spleen, using RNA from spleen as template;’
Oc, using RNA from osteoclast-like cells from LCM as
template. '
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ADM through the CRLR/RAMP?2 heterodimer. ADM
is a2 52 amino acid peptide first described in a human
phaeochromocytoma but subsequently found to be
present in many tissues, including the vascular system
and bone tissue (Kitamura et al. 1993). Naot et al. (2001)
has suggested that ADM is mitogenic to osteoblasts,
raising the possiblity that ADM is a local regulator of
bone growth; however, the action of ADM or RAMP on
the osteoclast is not clear. It has been reported that bone
abnormalities were observed in both CTR +/ —and
AMY +/ — mice, thereby ruling out the possibility that
AMY uses GTR to inhibit osteoclastogenesis in vivo
(Dacquin et al. 2004).

In summary, we have demonstrated that LCM is a
useful solution for osteoclast research. We found that
osteoclast-like cells expressed mRINAs for CTR, CRLR
and RAMP?2 but not RAMP1 or RAMP3; RAMP2 may
therefore play an important role in osteoclast function.
Further study is needed to elucidate the role of RAMP?2
and its relationship to the CT.family of receptors.
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Erratum

The authors apologize for an error in the paper by Li
Chen, Jinsong Zhu, Guogiang Sun and Alexander S
Raikhel which appeared in the December 2004 issue of
- Journal of Molecular Endocrinology 33 743-761, titled “The
early gene Broad 1s involved in the ecdysteroid hierarchy
governing vitellogenesis of the mosquito Aedes aegypty’.

Page 757 read:
and JH blocks their appearance in larval Manduca (Zhou
& Riddiford 2002).

When it should have read:
and JH blocks their appearance in larval Manduca (Zhou
et al., 1998). :

Journal of Molecular Endocrinology (2005) 34, 262
0952-5041/05/034-262 ©2005 Society for Endocrinology  Printed in Great Britain

Page 759 read:
misexpression of Z1 causes the reappearance of a pupa
cuticle gene Edg78E and suppresses a larval cuticle gene

Lep654-b,

When it should have read:
misexpression of Z1 causes the reappearance of a pupal

cuticle gene Edg78E and suppresses a larval cuticle gene
Lep654-b (Zhou & Riddiford, 2002).
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Matrix extracellular phosphoglycoprotein (MEPE) is highly expressed

in osteocytes in human bone
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Abstract The matrix extracellular phosphoglycoprotein
(MEPE) gene is highly expressed in tumors that cause onco-
genic hypophosphatemic osteomalacia (OHO). MEPE is
also known as one of the bone-tooth matrix proteins and is
associated with bone mineralization. We developed a rabbit
polyclonal antibody directed against recombinant human
MEPE (thMEPE) after cloning its cDNA from the cDNA
library of a nasal tumor tissue causing OHO. Using this anti-
body, we analyzed the distribution of MEPE in human bones
by immunohistochemistry. In bone specimens from normal
subjects, MEPE was predominantly expressed by osteocytes
and not by osteoblasts. In bone specimens from patients with
osteomalacia, however, MEPE was focally expressed by
deeply located osteocytes. We also compared the MEPE posi-
tivity of osteocytes in mineralized bone and non-mineralized
osteoid obtained from patients with osteomalacia and os-
teoporosis. Among osteomalacia patients, MEPE positivity
was seen in 87.5 * 8.6% of the osteocytes from mineralized
bone compared with 7.8 = 6.4% of those from osteoid.
Among osteoporosis patients, MEPE positivity was found in
95.3 £ 0.5% of the osteocytes from mineralized bone com-
pared with 4.9 = 57% of those from osteoid. MEPE was
mainly expressed by osteocytes embedded in the matrix of
mineralized bone from patients with osteomalacia or os-
teoporosis. Our data provide the first histological evidence
that MEPE is predominantly expressed by osteocytes in
human bone, with significant expression by osteocytes within
mineralized bone.

Key words MEPE - osteocyte - immunohistochemistry - min-
eralization - human

Introduction

Matrix extracellular phosphoglycoprotein (MEPE) is a
glycosylated protein that was originally cloned from the
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tumors of patients with oncogenic hypophosphatemic
osteomalacia (OHO) [1]. Because of its high expression
in tumors that cause OHO, MEPE is regarded as a
candidate phosphatonin, a putative humoral factor
causing hypophosphatemic osteomalacia [2]. The
MEPE gene has similarities with the genes of bone-
tooth mineral matrix phosphoglycoproteins called
SIBLINGs (small integrin-binding ligand with N-
linked glycosylation) which contain RGD sequences
that have been proposed as essential for integrin-
receptor interactions [3]. This group of proteins in-
cludes osteopontin (OPN), dentin sialo phosphoprotein
(DSPP), dentin matrix protein 1 (DMP1), and bone

'sialo protein (BSP).

MEPE also appears to be associated with the miner-
alization of bone. Petersen et al. [4] reported that osteo-
blast/osteocyte factor 45 (OF 45), which is identical to
MEPE, was specifically expressed in bone tissue and
that its expression was increased during matrix mineral-
ization mediated by rat bone marrow-derived osteo-
blasts. They also showed that this protein was highly
expressed by osteocytes embedded within the bone
matrix. Argiro et al. [5] reported that murine MEPE
mRNA was expressed by fully differentiated osteo-
blasts in vitro and that its expression was markedly
increased during murine osteoblast-mediated matrix
mineralization in normal and Hyp mice. Recently,
Gowen et al. [6] reported that OF 45 knockout mice
showed an increase in bone mass due to an increase in
osteoblast numbers and activity. These findings suggest
that MEPE may have a direct influence on bone meta-
bolism, not only on renal phosphate handling but also
on the mineralization of osteoid.

Although MEPE expression at the protein level has
been demonstrated in mice [6] and rats [4], MEPE
expression in human bone remains unproven. We
developed a rabbit polyclonal antibody directed against
recombinant human (th)MEPE, which was obtained by
the expression of MEPE cDNA in Escherichia coli. In
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this study, we demonstrated the expression of MEPE
histologically in bone tissue from normal subjects,
patients with several types of osteomalacia (OHO,
Fanconi’s syndrome, and vitamin D-deficient rickets),
and patients with osteoporosis.

Subjects, materials, and methods

Preparation of polyclonal anti-MEPE antibody

We constructed a cDNA library from the nasal tumor
of a patient with OHO [7], and cloned human MEPE
cDNA using primers designed from the reported
MEPE DNA sequence [1]. Then we obtained thMEPE
by expression in E. coli and developed a rabbit
polyclonal antibody against thMEPE. Briefly, a rabbit
was immunized with rhMEPE (I1mg) in Freund’s
complete adjuvant (Wako, Osaka, Japan) injected at
multiple subcutaneous sites on the back and intramus-
cularly into both thighs. After 2, 4, 6, and 8 weeks, the
rabbit was given a half dose (0.5mg) of rthMEPE in
Freund’s incomplete adjuvant (Wako). One week after
the final booster injection, the rabbit was killed to ob-
tain 70ml of antiserum. The anti-serum had a titer of
around 10%-107 when assayed by enzyme immunoassay
(EIA), using horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (Wako). The anti-serum (6ml) was
diluted twofold with MAPSII binding buffer (Bio-Rad
Laboratories, Tokyo, Japan), and applied to a column
of Protein A-Sepharose FF (1.6 X 5.0cm, 10ml;
Amersham Biosciences, Tokyo, Japan). An IgG frac-
tion was eluted from the column with MAPSII elution
buffer (Bio-Rad Laboratories), followed by neutraliza-
tion. After dialysis against phosphate-buffered saline
(PBS), the IgG fraction was chromatographed on a col-
umn of MEPE-coupled NHS-Hitrap (1ml, containing
3mg of coupled thMEPE; Amersham Biosciences). The
specific antibody fraction was eluted with 0.5M NaCl-
0.1M glycine-HCl (pH 2.7). After neutralization and
dialysis against PBS, the affinity-purified anti-MEPE
IgG fraction was stored at 4°C until use. Starting from
6ml of anti-serum, 16mg of rabbit polyclonal anti-
MEPE antibody was obtained. To confirm the
specificity of this anti-thMEPE antibody, a Western
blot was performed of a crude cell lysate of E. coli
expressing thMEPE, using anti-MEPE IgG and HRP-
conjugated goat anti-rabbit IgG (Wako) as the primary
and secondary antibodies, respectively. To confirm the
detectability of thMEPE expressed by a mammalian
host, immunoblotting with the anti-MEPE antibody of
the culture medium of rhMEPE-transfected Chinese
hamster ovary (CHO) cells was also performed.

177

Clinical profile of the subjects

Samples of normal bone tissue were obtained in-
traoperatively from two patients: intact bone was ob-
tained from a site away from a traumatic fracture of the
tibia in a healthy 18-year-old man (NC1), and intact
fibula was obtained from a 2-year-old boy who under-
went below-knee amputation for fibrosarcoma of the
tibia (NC2). Informed consent was obtained in both
cases.

Tliac bone samples affected by osteomalacia (OM1-4;
n = 4) and osteoporosis (OP1-4; n = 4) were obtained
from patients who were diagnosed on the basis of bone
mineral density, laboratory data, and iliac bone biopsy
findings. Of the patients with osteomalacia, two had
OHO (OM1, 2), one had Fanconi’s syndrome (OM3),
and one had vitamin D-deficient rickets (OM4). The
clinical characteristics of all patients are summarized in
Table 1.

Preparation of specimens

Paraffin sections

Decalcified paraffin sections were prepared for immu-
nohistochemistry to detect MEPE. Bone samples from
NC1, NC2, and OM1 were fixed in 4% paraformalde-
hyde (pH 7.4) at 4°C for 24 h, decalcified in 20%
ethylenediamine tetraacetic acid (EDTA) (pH 7.4), de-
hydrated through an ethanol series, and finally embed-
ded in paraffin. The specimens were then cut into serial
sections (5-um-thick) on a microtome, mounted on
slides, and prepared for immunohistochemistry. One of
the sections was stained with hematoxylin and eosin to
assess the histological features of each bone specimen.

Methylmethacrylate (MMA ) sections

Sections were also prepared from undecalcified tissue to
distinguish between the calcified and noncalcified areas.
Tliac bone samples from the four osteomalacia patients
(OM1-4) and the four osteoporosis patients (OP1-4)
were fixed in 70% ethanol, prestained with Villanueva
bone stain for 7 days, dehydrated through an ethanol
and acetone series, and embedded in MMA, as de-
scribed [8]. To distinguish noncalcified osteoid as
Villanueva-positive areas, dry sections (5-um-thick)
were cut, using a Jung Supercut 2065 Microtome (Leica
Microsystems, Heidelberg, Germany) equipped with a
tungsten carbide knife. For immunohistochemistry, se-
rial wet sections (5-um-thick) were cut with the same
machine while applying 30% ethanol to the block and
knife. These sections were carefully stretched using
70% ethanol, mounted on gelatin-coated slides, using a
mixture of carbolic acid crystals and glycerol, flattened
with a rubber roller, pressed with a slide press, and
dried on a hot plate at 40°C.
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Fig. 1. Western blot analysis of recombinant human matrix
extracellular phosphoglycoprotein (thMEPE) expressed in
Escherichia coli and Chinese hamster ovary (CHO) cells. A
cell lysate prepared from Z. coli expressing thMEPE was
stained with Coomassie Blue (lane M, molecular weight
markers; lane 1, the E. coli lysate) and the lysate was also
immunostained (lane 2) with anti-MEPE antibody. Culture
medium from CHO cells transiently expressing thMEPE was
also analyzed by Western blotting (lane 3)
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immunoreactivity was visualized as a single band at
67kDa (lane 2; Fig. 1), demonstrating high specificity of
the anti-MEPE antibody. When CHO cells were tested,
a secreted protein of 70kDa was selectively detected
(lane 3; Fig. 1), confirming the specificity of the anti-
body. A broad, faint band was also observed at 100~
150kDa, indicating the secretion of heavily glycosylated
forms of MEPE by the CHO transfectants.

Uniform MEPE expression in normal bone

MEPE expression was examined in normal bone tissue.
Figure 2 shows MEPE expression in adult bone (NC1,
tibial fracture), and Fig. 3 shows its expression in bone

- from a child (NC2, intact fibula). MEPE was strongly

expressed by osteocytes in both cortical bone and trabe-
cular bone (Fig. 2B, F), but it was not expressed by
osteoblasts (Fig. 3C). Strong MEPE expression was ob-
served in dendritic processes, as well as in the pericellu-
lar bone matrix of these bone-embedded osteocytes
(Fig. 2D, H).

Focal MEPE expression in bone from
osteomalacia patients

Bone specimens from osteomalacia patients were also
examined. Figure 4 shows the bone specimen from a
patient with OHO (OM1). MEPE expression was pre-
dominant in the osteocytes of cortical bone, although
focal expression was also seen in trabecular bone (Fig.
4B); expression was more abundant in the central area

Fig. 2. Immunohistochemical detection of MEPE in normal
human bone tissue (subject, NC1); A-D cortical bone; E-H
trabecular bone from the tibia. A,E Staining with H&E. B,D,
F,H Immunolocalization of MEPE; C,G negative control, and
D,H higher magnifications of B and F, respectively. B,F

MEPE is uniformly expressed by osteocytes embedded in the
matrix of both cortical and trabecular bone. D,H The den-
dritic processes and pericellular bone matrix of osteocytes are
also positive. Bar, 100um in A-C and E~G; bar, 20pm in D
and H
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Fig. 3. Immunohistochemical detec-
tion of MEPE in immature bone
(subject, NC2); A, B H&E staining;
C anti-MEPE antibody; D negative
control. B Higher magnification of
the boxed area in A. C Osteoblasts
are not stained, but osteocytes, peri-
cellular bone matrix, and dendritic
processes are stained, as was the case
in mature bone (Fig. 2). Bar, 150pym
in A; bar, 20pum in B~D
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Fig. 4. Immunolocalization of MEPE in bone tissue from a cortical bone (CB) than in trabecular bone (7B). E In trabe-
patient with osteomalacia (OM1); A,D H&E; B,E anti-MEPE cular bone, MEPE-positive cells are more abundant in the
antibody; C,F negative control. B MEPE is expressed hetero- central area (arrowheads) than at the boundary zone (arrows).
geneously by osteocytes, and there is more positive staining in Bar, 100pm in A-C; bar, 40pm in D-F
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of bone than at the boundary zone, which could be
regarded as osteoid (Fig. 4E).

Abundant MEPE expression in mineralized bone in
patients with osteomalacia and 0steoporosis

To assess the expression of MEPE in osteoid, we per-
formed Villanueva staining and MEPE immunostaining
of bone specimens {rom osteomalacia patients, using
serial sections. In the specimen from osteomalacia pa-
tient 1 (OM1), Villanueva staining revealed prominent
osteoid at the boundaries of trabecular bone (Fig. 5A,
B), and MEPE expression was mainly observed in the
Villanueva-unstained mineralized bone area (Fig. 5C).
In the other three osteomalacia patients, similar find-
ings wete obtained. In order to make a comparison with
the pattern of MEPE localization in patients with
osteoporosis, iliac bone specimens from the four os-
teoporosis patients were examined by the same method
(Fig. 6). MEPE-positive osteocytes were mainly ob-
served in the mineralized bone area (Fig. 6C), as was
the case in the osteomalacia patients. All four os-
teoporosis patients showed a similar pattern of MEPE
expression.

The MEPE-positive osteocyte ratio was calculated
separately for mineralized bone and non-mineralized
osteoid. In mineralized bone from the osteomalacia and
osteoporosis patients, MEPE positivity was seen in 87.5
+ 8.6% and 95.3 = 0.5% of the osteocytes, respectively
(Table 2). In contrast, in the osteocytes in the non-
mineralized osteoid of osteomalacia patients, MEPE
positivity was shown in 7.8 = 6.4%, while in the osteo-
cytes in osteoid from osteoporosis patients MEPE
positivity was shown in 4.9 * 57% (Table 2). These
findings show that there is significantly increased MEPE
expression in the osteocytes within mineralized bone
(*P < 0.05) in both osteomalacia and osteoporosis
patients, and that there are no significant differences in
MEPE expression between these two metabolic bone
diseases. :

Discussion

In the present study, we developed a rabbit polyclonal
antibody that targeted thMEPE expressed in E. coli and
then used it to prepare an affinity-purified anti-MEPE
antibody. Specific detection of crude thMEPE from E.
coli and CHO cells by Western blotting with the anti-
MEPE antibody (Fig. 1) demonstrated its high specific-
ity for MEPE. The difference in the molecular weight of
MEPE obtained from £. coli and CHO transformants
suggested that glycosylation of this molecule occurred
in CHO cells.

Using this antibody, we investigated the distribution
of MEPE in normal human bone by immunohistochem-
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istry and recognized its predominant expression in
bone-embedded osteocytes, a finding compatible with
the resuits already obtained in mice [6] and rats [4].
Furthermore, MEPE expression was observed in the
dendritic processes and pericellular bone matrix of the
osteocytes, but not in osteoblasts.

Previous in vitro studies have suggested a correlation
between MEPE expression and bone mineralization.
Petersen et al. [4] showed that MEPE mRNA was ex-
pressed by fully differentiated osteoblasts and that its
expression increased markedly during osteoblast-
mediated mineralization of the bone matrix. Argiro et
al. [5] reported a correlation between MEPE expression
and bone mineralization after the addition of glycero-
phosphate to osteoblast culture medium. We found
abundant MEPE expression by osteocytes in mineral-
ized bone matrix, but more limited expression in nomn-
mineralized osteoid (Figs. 5, 6), using a previously
reported combination of histomorphometry and im-
munochistochemistry [8]. In normal bone, the non-
mineralized osteoid area is too small to allow the
detection of osteocytes in the non-mineralized matrix
by standard histological examination. This may account
for the fact that previous immunohistochemical studies
of normai rodent bone did not detect osteocytes without
MEPE expression. Our results, combined with previous
in vitro data, suggest that MEPE is strongly expressed
during the mineralization of bone as osteoblasts un-
dergo maturation into osteocytes. However, it is not
clear whether MEPE expression precedes the onset of
mineralization of the bone matrix or whether it is pre-
ceded by mineralization.

Osteocytes are easily defined by their location and
typical stellate morphology, and they have a relatively
small number of organelles, which are necessary for the
production and secretion of bone matrix [9,10]. Several
non-collagenous matrix proteins have been found in
and around osteoblasts and osteocytes, including OPN
[11-16], osteocalcin [17-19], BSP [20-22], biglycan [23-
25], osteonectin [26], and DMP1 [27-29]. These proteins
are thought to play various roles in promoting bone
mineralization [30] and in facilitating the attachment of
osteocytes to the bone matrix [31], and genetic studies
with knockout animal models have supported such
hypotheses [32-36]. Some of these proteins belong to
the SIBLING family, sharing many characteristic motifs
and structural features (such as the RGD motif and
ASARM motif encoded on chromosome 4q), and are
considered to have similar functions [3]. Because most
of these proteins are expressed by both osteocytes
and osteoblasts, few osteocyte-specific markers have
been established, apart from DMP1 [29] and several
monoclonal antibodies directed against avian osteo-
cytes (mAb OB7.3 [37], mAb OB37.11 {38], and mAb
SBS5 [39]). Recently, mAb OB7.3 was shown to target
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Fig. 5, Immunolocalization of MEPE
in osteocytes of iliac bone tissue from
a patient with oncogenic hypo-
phosphatemic osteomalacia (OHO;
OM1); A,B Villanueva bone stain; C
anti-MEPE antibody; D negative
control. B Higher magnification of
the boxed area in A. A Abundant
Villanueva-positive osteoid area is
observed. C MEPE is expressed by
osteocytes within the Villanueva-
unstained mineralized bone area
(arrowheads) and is not expressed
by osteocytes within the osteoid
(arrows). Bar,150pumin A; bar, 40 pm
in B-D

‘. <

&
A
-

Fig. 6. Immunolocalization of MEPE
in osteocytes of iliac bone tissue from
a patient with osteoporosis (OP1);
A,B Villanueva bone stain; C anti-
MEPE antibody; D negative control.
B Higher magnification of the boxed
area in A. A The Villanueva-positive
osteoid area is very small. C An osteo-
cyte within the osteoid does not ex-
press MEPE (arrow), but osteocytes
within mineralized bone express
. MEPE (arrowheads), as was the case

P : " in osteomalacia bone (Fig. 5). Bar,

D : 150pm in A; bar, 40um in B-D

the Phex (phosphate-regulating gene with homologies  human osteocytes, but not in osteoblasts. These findings
to endopeptidases on the X chromosome) protein [40].  raise the possibility that MEPE is one of the specific
MEPE has already been shown immunohistochemically  markers for osteocytes.

to be expressed by rodent osteocytes, and we also dem- We were unable to detect a difference in the distribu-
onstrated here that it is expressed predominantly in  tion of MEPE between OHO and non-OHO bone
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Table 2. Number of matrix extracellular phosphoglycoprotein (MEPE)-positive osteocytes and MEPE positivity in bone tissue

of osteomalacia and osteoporosis patients

Mineralized bone Osteoid

Patient Total OCY  MEPE(+) OCY  Pasitivity (%)  Total OCY  MEPE(+) OCY  Positivity (%)
OM1 88 66 75.0 52 9 17.3
OM2 223 211 94.6 104 5 4.8

- OM3 191 173 90.6 74 3 4.1
oM4 127 114 89.8 83 4 4.8
Mean = SD value 87.5 + 8.6 7.8 * 6.4*
or1 156 148 94.9 6 0 0
OoP2 147 121 96.0 9 1 11.1
oPr3 61 58 95.1 6 0 0
OP4 164 156 95.1 12 1 8.3
Mean *= SD value 953 = 0.5 4.9 + 5.7%

Number of osteocytes is the total value in five examined fields

OCY, number of osteocytes; MEPE(+) OCY, number of MEPE-positive osteocytes; positivity, the ratio of MEPE-positive osteocytes/total

osteocytes

Asterisk indicates significant difference between positivity in mineralized bone and in osteoid, calculated by Mann-Whitney U-test (*P < 0.05)

(Table 2), or between osteoporosis and osteomalacia
(Figs. 5 and 6, Table 2), so it remains unclear whether
MEPE has a direct effect on bone metabolism in
patients with osteomalacia. Further investigations are
therefore needed to assess the influence of MEPE on
bone metabolism in osteomalacia.

In summary, we demonstrated MEPE expression by
osteocytes in human bone histologically, using a new
rabbit polyclonal anti-rhMEPE antibody. We also
investigated MEPE expression in bone from patients
with osteomalacia and osteoporosis, and found that it
was abundant in osteocytes within mineralized bone in
both these diseases.

References

1. Rowe PS, de Zoysa PA, Dong R, Wang HR, White KE, Econs
MJ, Oudet CL (2000) MEPE, a new gene expressed in bone
marrow and tumors causing osteomalacia. Genomics 67:54-68

2. De Beur SM, Finnegan RB, Vassiliadis J, Cook B, Barberio D,
Estes S, Manavalan P, Petroziello J, Madden SL, Cho JY, Kumar
R, Levine MA, Schiavi SC (2002) Tumors associated with onco-
genic osteomalacia express genes important in bone and mineral
metabolism. J Bone Miner Res 17:1102-1110

3. Fisher LW, Torchia DA, Fohr B, Young MF, Fedarko NS (2001)
Flexible structures of SIBLING proteins, bone sialoprotein, and
osteopontin. Biochem Biophys Res Commun 280:460-465

4. Petersen DN, Tkalcevic GT, Mansolf AL, Rivera-Gonzalez R,
Brown TA (2000) Identification of osteoblast/osteocyte factor 45
(OF45), a bone-specific cDNA encoding an RGD-containing pro-
tein that is highly expressed in osteoblasts and osteocytes. J Biol
Chem 275:36172-36180

5. Argiro L, Desbarats M, Glorieux FH, Ecarot B (2001) Mepe, the
gene encoding a tumor-secreted protein in oncogenic hypophos-
phatemic osteomalacia, is expressed in bone, Genomics 74:342~
351

6. Gowen LC, Petersen DN, Mansolf AL, Qi H, Stock JL, Tkalcevic
GT, Simmons HA, Crawford DT, Chidsey-Frink KL, Ke HZ,

10.

11.

12.

13.

14,

15.

16.

McNeish JD, Brown TA (2003) Targeted disruption of the osteo-
blast/osteocyte factor 45 gene (OF45) results in increased bone
formation and bone mass. J Biol Chem 278:1998-2007

. Kawai Y, Morimoto S, Sakaguchi K, Yoshino H, Yotsui T, Hirota

S, Inohara H, Nakagawa T, Hattori K, Kubo T, Yang J, Fujiwara
N, Ogihara T (2001) Oncogenic osteomalacia secondary to nasal .
tumor with decreased urinary excretion of cAMP. J Bone Miner
Metab 19:61-64

. Derkx P, Nigg AL, Bosman FT, Birkenhager-Frenkel DH,

Houtsmuller AB, Pols HA, van Leeuwen JP (1998) Immunolo-
calization and quantification of noncollagenous bone matrix
proteins in methylmethacrylate-embedded adult human bone in
combination with histomorphometry. Bone 22:367-373

. Aarden EM, Burger EH, Nijweide PJ (1994) Function of osteo-

cytes in bone. J Cell Biochem 55:287-299

Nijweide PJ, Burger EH, Klein-Nulend J (2002) The osteocyte.
In: Bilezikian J, Raisz L, Rodan G (eds) Principles of Bomne
Biology, 2nd edn. Academic, San Diego, pp 93-107

Fisher LW, Hawkins GR, Tuross N, Termine JD (1987) Purifica-
tion and partial characterization of small proteoglycans I and II,
bone sialoproteins I and II, and osteonectin from the mineral
compartment of developing human bone. J Biol Chem 262:9702—
9708

Franzen A, Heinegard D (1985) Isolation and characterization of
two sialoproteins present only in bone calcified matrix. Biochem J
232:715-724

Mark MP, Butler WT, Prince CW, Finkelman RD, Ruch JV
(1988) Developmental expression of 44-kDa bone phosphopro-
tein (osteopontin) and bone gamma-carboxyglutamic acid (Gla)-
containing protein (osteocalcin) in calcifying tissues of rat.
Differentiation 37:123-136

Mark MP, Prince CW, Oosawa T, Gay S, Bronckers AL, Butler
WT (1987) Immunohistochemical demonstration of a 44-KD
phosphoprotein in developing rat bones. J Histochem Cytochem
35:707-715

Prince CW, Oosawa T, Butler WT, Tomana M, Bhown AS,
Bhown M, Schrohenloher RE (1987) Isolation, characterization,
and biosynthesis of a phosphorylated glycoprotein from rat bone. .
J Biol Chem 262:2900-2907

Young ME, Kerr JM, Termine JD, Wewer UM, Wang MG,
McBride OW, Fisher LW (1990) ¢<DNA cloning, mRNA dis-
tribution and heterogeneity, chromosomal location, and RFLP
analysis of human osteopontin (OPN). Genomics 7:491-
502



Title: MEPE proteins is highly expressed in osteocytes in human bone

Authors: Akihide Nampei, Jun Hashimoto, Kenji Hayashida, Hideki Tsuboi, kenrin
Shi, Isamu Tsuji, Hideaki Miyashita, Takao Yamada, Naomichi Matsukawa, Masayuki
Matsumoto, Shigeto Morimoto, Toshio Ogihara, Takahiro Ochi, Hideki Yoshikawa

Authors’ institutions

Akihide Nampei, MD, Jun Hashimoto, MD, PhD, Kenji Hayashida, MD, PhD, Hideki
Tsuboi, MD, Kenrin Shi, MD, PhD, Takahiro Ochi, MD, PhD, Hideki Yoshikawa, MD,
PhD : Departmant of Orthopaedic Surgery, Osaka University Graduate School of
Medicine, Osaka, Japan. _
Naomichi Matsukawa, MD, PhD, Toshio Ogihara, MD, PhD : Department of Geriatric
Medicine, Osaka University Graduate School of Medicine, Osaka, Japan.

Masayuki Matsumoto, MD, PhD, Shigeto Morimoto, MD, PhD : Department of
Geriatric Medicine, Kanazawa Medical University, Kanazawa, Japan

Isamu Tsuji, Hideaki Miyashita, PhD, Takao Yamada, PhD : Pharmaceutical Research
Division, Takeda Chemical Industries, Ltd., Osaka, Japan

Abbreviated title: MEPE is expressed by osteocytes in human bone

Keywords : MEPE, osteocyte, immunohistochemistry, mineralization, human

Corresponding author

Jun Hashimoto, MD, PhD _

Department of Orthopaedic Surgery, Osaka Univetsity Graduate School of Medicine,
2-2 Yamadaoka, Suita, Osaka 565-0871, Japan

Tel: +81-6-6879-3552 Fax: +81-6-6879-3559

E-mail: junha@ort.med. osaka-u.ac.ip




Abstract

We perfomed cDNA cloning of human MEPE from the cDNA library of a human nasal
‘tumor tissue causing oncogenic hypophosphatemic osteomalacia (OHO). We
obtained recombinant human MEPE protein (thMEPE) and developed a rabbit
polyclonal antibody against thMEPE., Then we analyzed the distrbution of MEPE
protein in human bones by immunohistochemistry. In the bone specimen from
normal people, MEPE protein was predominantly expressed by osteocytes, but not by
osteoblasts or bone-lining cells.  In the bone specimen from osteomalacia patients,
however, MEPE was focally expressed by deeply-located osteocytes.  Then we
compared the MEPE positivity of osteocytes between mineralized bone tissue and non-
mineralized osteoid obtaines from osteomalacia and osteoporosis patients. In
osteomalacia patients, MEPE positivity was seen in 87.51+8.6% of osteocytes in
mineralized bone and only 7.84:6.4% in osteoid.  In osteoporosis patients, MEPE
positivity was found in 95.32£0.5% of osteocytes in mineralized bone versus 4.9+
5.7% in osteoid. MEPE protein was mainly localized in osteocytes embedded in the
matrix of mineralized bone from both osteomalacia and osteoporosis patients. VOur
data providé the first evidence that MEPE protein is predominantly expressed by

osteocytes in human bone tissue and that MEPE is prédominanﬂy localized to

mineralized bone,



INTRODUCTION

Osteomalacia is a disorder of bone metablism that is generally characterized as a
disturbance of mineralization with an increase of non-mineralized ovsteoid‘. Patients
frequently present with symptoms of bone pain and muscle weakness (1).
Hypophosphatemia and/or lack of vitamin D activity can cause this disordr, and the
former state is thought to result from excessive renal phosphate leakage(1).
Recently, abnormal renal phosphate handling has been associated with some
uncharacterized phosphaturic factors, which are known as phosphatonins (2-3).

Matrix extracellular phosphoglycoprotein (MEPE) is a novel glycosylated protein
cloned from the tumors of patients with oncogenic hypophosphatemic osteomalacia
(OHO), and is regarded as a candidate phosphatonin (4).  MEPE has been reported
to be one of most highly expressed genes in OHO tumor (5). More recently, the
same group demonstrate.d that MEPE can function as a phosphaturic factor (6).

MEPE also seems to be associated with bone mineralization (7-8).  Argiro et al.
showed that murine MEPE mRNA is expressed by fully differentiated osteoblasts in
vitro and is down-regulated by vitamin D (7).  They also demonstrated that its
expression was markedly increased during murine osteoblast-mediated matrix
mineralization, especially in Hyp mice (7). Petersen et al. reported that OF 45 (a rat
homologue of MEPE) was specifically expressed in bone tissue and that its expression
was increased during matrix mineralization mediated by rat bone marrow-derived
osteoblasts. They also showed that the potein was highly expressed within
osteocytes that are embedded within bone matrix (8).  Recently, GoWen et al.
reported that OF 45 knockout mice exhibit increase bone mass due to an increase of
osteoblast numbers and activity (9).

The MEPE gene has similarities with the genes of bone-tooth mineral matrix
phosphoglycoproteins, i.e., both contain RGD sequence motifs that ére proposed to be
essential - for integrin-receptor interactions, called SIBLIGs (small integrin-binding
ligand with N-linked glycosylation) (10). Osteopontin  (OPN), dentin sialo
phosphoprotein (DSPP), dentin matrix protein 1 (DMP1) and bone sialo protein (BSP)
are included in this group (4) and are considered to have a similar function.

These findings suggest that MEPE may have a direct impact on bone metabolism,



not only on renal phosphate handling, but also on the mineralization of osteoid.
Although its expression at the protein level has been established in mice and rats (8-9),
its expression in human bone remains unproved.  We developed a rabbit polyclonal
antibody directed against recombinant human MEPE (thMEPE), which was obtained
by expression of its cDNA inE coli. In this study, we demonstrated the expression
of MEPE at the protein level in human bone tissue from normal persons, patients with
several types of osteomalacia (OHO, Fanconi’s syndrome, and vitamin D deficient

rickets), and patients with osteoporosis.



MATERIALS AND METHODS

Cloning of MEPE cDNA from a nasal tumor tissue of an OHQO patient

| Total RNA was extracted from a nasal tumor tissue of an OHO patient (11)
according to standard procedures, and poly(A)+RNA was  purified using
oligo(dT)3¢-latex suspension (TaKaRa Bio, Ohtsu, Japan). The cDNA was synthesized
using a cDNA synthesis kit (TaKaR Bio). The cDNA was ligated into the EcoR I and
Xho 1 sites of A ZAPII vector(STRATAGENE,La Jolla,CA)and packaged into phage A
with an in vitro packaging kit (SRATAGENE). The phageA was infected into E. coli
XL1-Blue MRF’ strain for amplification With the constructed cDNA library as a
template, a cDNA fragment of human IVIEPE was amplified by PCR using a forward
primer (‘5-GGAAACAGCTATGACCATG-3) derived from MI13 reverse primer
sequence in A ZAPII vector and a reverse primer
(‘5-TCAGGTGCTCTCCTCTACATCAACTCACA-3")located in 3’untranslated region
of MEPE cDNA (4).  The PCR-amplified fragment was subcloned in pCR-Blunt
vector (Invitrogen, Tokyo, Japan) to obtain pCR-MEPE-9.  The nucleotide sequence
of the MEPE cDNA thus obtained was confirmed using a 377 DNA sequencer (Applied
Biosystems, Foster City, CA).



