Figure 1.
Magnification

M5C-CDH antibody-magnetic bead complex. A: Electron microscopic view of a magnetic bead, Ferri Sphere 100C
10,000, The scale bar indicates 50 nm. B: Expression of CD44 antigens in rat MSCs. Rat MSCs at passage fou

were stained immunohistochemically, which showed that the CL44 antigens were exhibited on the surface of rat MSCs up
ko at least passage four., Magnification, ~400. The scale bar indicates 5 pm. C: Electron micre scopic views of MSC-C D44

antibody-magnetic bead complex. (a) Magnification

» 2500, The scale bar indicates 2 pm. (b) Magnification,

<5000, The scale

bar indicates 1 pm. The arrows indicate CD44 antibody-immobilized magnetic beads attached to the surface of an MSC. D:
Light microscopic views of MSC-CD44 antibodv-magnetic bead complex (2) and normal non-labeled rat MSCs (b). Magni-
tication, .<400. The scale bar indicates 5 pm. The data shown are ty pim] of two independent experiments (n = 3). [Color figure
can be viewed in the online 1ssue, which is available at www.interscience.wilev.com.]
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tide dissolved in 25 mM MES-buffer, pH 5, were added to
the activated beads, making a total volume of 500 pL. The
mixture was vortexed and then incubated for 3 h at 25°C
with slow tilt rotation. After incubation, the tubes were
placed on a magnet for 4 min and the supernatant. was

removed. 0.05 M ethanolamine in PBS(~), pH 8, was added".

and the magnetic beads were incubated for 1 h at room
temperature with slow tilt rotation to quench non-reacted
groups. Finally, the beads were washed four times with 0.5%
BSA in PBS(—) and suspended in 0.5% BSA in PBS(—) at the
concentration of 3 mg beads/mL.

Complexing of prepared magnetic beads to MSCs

Forty five microliters of C[44 antibody- or RGDS peptide-
immobilized magnetic beads (225 g beads) and 1 X 10°
MSCs were mixed in 355 L of 0.5% BSA in PBS(—) with
slow tilting and rotation for 1 h'at 4°C or at 37°C, 1é
tively. The tubes were then placed on a magnet for :
collect the compléxés. The assembled MSG-CD44 &
bead complexes -and-the . MSC-RGDS, peptide-bead“com-
plexes were washed 4 timés with:0.5% BSA in PBS(-),
respectively, and: resus; '
centration of 5 X 10%¢

Preparation of specimens of MSC-magnetic beads
complexes for electron microscopy

MSC-magnetic bead complexes were centrifuged and su-
pernatant was discarded. Precipitated complexes were fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer PH7.4)
for 2 h at 4°C, then post-fixed with 1% OsO, in 0.1 M
phosphate buffer (pH 7.4) for 2 h at 4°C. Specimens were
then dehydrated in an ascending series of ethanols, replaced
with propylene oxide, and embedded in epoxy resin. Semi-
thin sections (~1 um) were cut and stained with 0.5% tolu-
idine blue in 0.5% borate for light microscopy. Thin sections
(0.1 pm) were cut, stained with 3% uranyl acetate and lead
citrate, and observed with a transmission electron micro-
scope, JEM-1200 (JEOL, Tokyo, Japan).

Cell proliferation assay

Cell proliferation was assayed by 2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazo-
lium, monosodium salt (WST-8) procedures basically as pre-
viously described.'” The assay was performed using a
commercial kit, Cell Counting Kit-8 (Dojindo laboratories,
Kumamoto, Japan). About 1 X 10* cells of the MSC-magnetic
bead complex or control rat MSCs were seeded into each
well of a 24-well plate. At various times after seeding (0, 1,
3,5, and 7 days of culture), the working solution containing
WST-8 and 1-Methoxy PMS (5 and 0.2 mM,, respectively, as
the final concentration) was added to each well at 1:10
volume of culture medium. After incubation for 4 h, the
absorbance of each well was measured at 450 nm, with a
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-microplate spectrophotometer, SpectraMax 190 (Molecular

Devices, Sunnyvale, CA).

Distribution of prepared 'MSC-magnetic bead
complexes under the influence of an external
magnetic force, and monolayer culture for
generation of chondrogenic matrix by the
complexes '

Before seeding MSC-bead complexes, magnetic flux den-
sity in the vertical and horizontal directions of the neody-
mium magnet (diameter: 5 mm; height: 5 mm; magnetic flux
density: 0.43 Tesla (T)) was measured using a gauss meter,
HGM-8200 (Probe: FS-3, ADS Co., Tokyo, Japan). To evalu-
ate whether MSC-magnetic bead complexes could be gath-
ered in a specific area by an external magnetic force, distri-
bution of prepared MSC-inagnetic bead complexes under

> the influence of an external magnetic force was observed.

The ge_il distribution method used was modified from

«+ Hirag’s method."® Briefly, 40 pL of MSC-bead complexes

(containing 2 X 10° cells) were seeded onto the center of
24<well culture plates, which contained 300 wL of chondro-
genic differentiation medium: High-glucose DMEM supple-

““mented with 10 ng/mlL transforming growth factor

(TGF)-83 (Sigma), 10™® M dexamethasone (Sigma), 50
pg/ml ascorbic acid-2-phosphate (Sigma), 40 pwg/mL ¢~
proline (Nacalai tesque, Kyoto, Japan), ITS-A supplement
(Invitrogen, 10 ug/mL insulin, 6.7 ng/mL sodium selenite,
5.5 pg/mL transferrin, 110 pg/mL sodium pyruvate), and
1.25 mg/mL BSA (Sigma). In the experimental group (mag-
net group), a neodymium magnet was placed beneath the
center of the plate (magnetic flux density was 0.20 T at a
distance of 2 mm from the plate base). No magnet was used
in the control group. After incubation for 1-2 h at 37°C to
allow for cell attachment, 700 kL of chondrogenic differen-
tiation medium was added to each well. Sixteen hours after
adding the differentiation medium, the magnet was re-
moved from underneath the plate. Cell number was counted
in the center of the plate (area M) and in four peripheral
areas, each 3 mm in diameter [areas C1-C4; Fig. 5(A)). The
cell number in each area in six different plates was counted
using a light microscope (100-fold) and the mean was cal-
culated.

After culturing the MSC-bead complexes for 21 days with
chondrogenic medium, the plates were washed three times
and stained with toluidine biue. The plates were then as-
sessed macroscopically and histologically.

Pellet culture for chondrogenesis of MSC-magnetic
bead complexes :

To assess the chondrogenic potential of the MSC-magnetic
bead complexes or of control rat MSCs in standard three-
dimensional culture conditions, a modification of John-
stone’s pellet culture system™ was used. About 2 X 10°
MSCs, alone or as an MSC-magnetic bead complex, sus-
pended in the earlier mentioned chondrogenic differentia-
tion medium, were placed in a 15-mL polypropylene tube
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(Greiner Bio One, Frickenhausen, Germany), and centri-
fuged to form a pellet. The pellet was cultured for 21 days at
37°C with 5% CO, and 95% air in 1 mL of the chondrogenic
differentiation medium. In the control group, culture me-
dium without chondrogenic differentiation factors (TGF-83
and dexamethasone) was used.

Toluidine blue staining and exgression of type Il
collagen in MSC-magnetic be complexes

After culturing the pelleted MSC-magnetic bead com-
plexes or control rat MSCs for 21 days, they were fixed with
4% paraformaldehyde and embedded in paraffin. After de-
paraffinization, sections (5 pm) were stainéd with toluidine
blue solution. To assess expression of type II collagen, the
sections were permeablhzed with proteinase K (Dako, Ja-
pan) in 0.1% Tween-20 in PBS(~) for 5 min at room temper-
ature. The expression of type Il collagen was assessed using
the same immunohistochemical: method as used for CD44
expression described earlier, with -anti-rat type 1I collagen
goat polyclonal antlbodles (Santa Cruz:Biotechnology Inc.,
CA) at a final conce. ratlon of 1 ug/rnL

nd reverse transcnptlon-
eactlon (RT—PCR) analysxs

Total RNA was prepared from the pellets of MSC—mag—
netic bead complexes or rat MSCs using the RNeasy micro
kit (Qiagen, Tokyo; Japan). Prepared RNA was converted to
cDNA using the Superscript™ First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen) according to the manufactur-
er’s protocol. PCR was performed in a Minicycler (PTC-150,
Bio-Rad, Hercules, CA). PCR amplification conditions for rat
integrin av, aggrecan, type II collagen, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were as follows:
94°C for 2 min followed by 35 cycles of 94°C for 15 s, 56°C
(or for GAPDH: 58°C) for 30 s, and 68°C for 1T min. The
reaction products were resolved by electrophoresis on a 2%
agarose gel and visualized with ethidium bromide. The
GAPDH primers were designed ourselves, the integrin av
primers were as described’ and the aggrecan and type 1i
collagen primers were as described.’® The primers were as
follows: _

integrin av (forward): 5-CCTGCTTTCTTCAGGACGGC-
AC-3,

integrin av (rev erse) 5-CCCATCGGAACCTCGGTC-
CATGA-3',

aggrecan (forward): 5-TAGAGAAGAAGAGGGGTTAGG-3',

aggrecan (reverse): 5'-AGCAGTAGGAGCCAGGGTTAT-3',

type Il collagen (forward): 5-GAAGCACATCTGGTTTG-
GAG-3, _

type 1 collagen (reverse): 5-TTGGGGTTGAGGGTTTT-
ACA-3,

GAPDH (forward): 5'-GCCAAAAGGGTCATCATCTC3,

GAPDH (reverse): 5-GCCTGCTTCACCACCTTCTT-3".

Statistical analysis

To compare the cell number between each area (area M
and areas C1-C4) in the magnet or control group, one-way

analysis of variance was used. If a statistical difference ex-
isted, Scheffe’s post-hoc test was used. The Mann-Whitney
LI-test was used to compare the cell number between the
magnetic group and control group in each area (M and
C1-C4). A P value of less than 0.05 was regarded as statis-

tically significant.

RESULTS

Assembly of MSC-magnetic bead complexes

Immunohistochemical ‘staining for CD44 antigens
revealed that CD44 antigens are expressed in ~90% of
expanded MSCs up to at least passage four [Fig. 1(B)].
We decided to use MSCs which were expanded up to
passage four for assembling MSC-CD44 magnetic
bead complexes. Next, CD44 antibody-immobilized
magnetic beads were combmed with expanded MSCs,
and subsequently,- MSC -CD44 antibody-magnetic
bead complexes were observed morphologically by
electron and light microscopy. This showed that some
massive bead conglomerates were attached on the
surface of ‘MSCs [Fig.*1(Ca,Cb,Da)]; in contrast no
massive bead conglomerates were attached to non-
labeled rat MSCs [Fig. 1(Db)]. MSCs could be com-

. bined with small-sized magnetic beads through rat

(D44 antibodies [Fig. 1(Ea)]. For MSC-RGDS peptide-
bead complexes assembled using MSCs expanded up
to passage four, the same result was obtained by in-
teraction through the RGDS peptide [Fig. 2(A,
Ba,Bb,C). Moreover, cell counts performed with a light
scope showed that the assembly ratio of complex was
~80-90% after antigen—antibody reactions or interac-
tion between integrins on MSCs and RGDS peptide.
Thus, MSCs could be coupled with small-sized mag-
netic beads through CD44 antibodies or RGDS pep-
tides.

Proliferation of MSC-magnetic beads complexes

MSC-CD44 antibody-bead complexes did not pro-
liferate up to 3 days of culture although they were
attached to the bottom of the well. However, we then
observed microscopically that CD44 antibody-immo-
bilized magnetic beads became separated from the
surface of MSCs in the well, and the cells then prolif-
erated. After 7 days of culture, cell proliferation of
MSC-CD44 antibody-bead complexes was ~50% that
of rat MSCs (Fig. 3). MSC-RGDS peptide-bead com-
plexes also attached to the bottom of the well, and
gradually proliferated in culture. After 2 days in cul-
ture, RGDS peptide-immobilized magnetic beads be-
came separated from the surface of MSCs, and cell
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{5}, RGDS peptide-magnetic bead complex. A: Expression of

integrin av and GAPDH mRNA in rat MSCs at passage 2 and 4. B: Electron microscopic views. (a) Magnification - 2000, The
scale bar indicates 2 pm. (b) Magnification * 12,000. The scale bar indicates 500 nm. The arrows indicate RGDS peptide-
immobilized magnetic beads attached to the surface of an MSC, C: Light microscopic view. Magnification, <400, The scale
bar indicates 5 pm. The data shown are typical of two independent experiments (1 = 3). [Color figure can be viewed in th
onfine issue, which is available at www Anterscience. wiley .com.|
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Figure 3. Proliferation of MSC-magnetic bead compleses,

| 1 colls, as MSU-magnetic bead complexes or control
rat MSCs were seeded onto each well of a 24-well plate. At
various thmes afler seeding (0, 1, 3, 5, and 7 davs), cell
proliferation of the mmple.\i?s or rat MSCs was measured by
the WST-8 miethod. The data shown are typical of three
independent experiments (1 = 6. The bar represents the SD
of cach group,

trol group, chondrogenic matrix was observed in the
peripheral area, and the cells stained strongly for to-
luidine blue [Fig. 5(C), M~]. Thus, MSC-CD44 anti-
body-bead complexes, gathered in a specific area by
an external magnetic force, could generate chondro-
genic matrix in monolayer culture when  supple-
mented with chondrogenic differentiation mediam.

Chondrogenesis of MSC-magnetic bead complexes
in three-dimensional culture system

Abter 21 days in culture, MSC-CDH antibody-bead
complex-derived-MSCs were found to be surrounded
by cartilage-characteristic proteoglveans that stained
metachromatically with toluidine blue [Fig. 6(Aa),
D~ while in the pellets cultured without chondro-
genic differentiation factors, the area stained with to-
fuidine blue was weak and sparse {Fig. 6(Ac), D-1].
Immunohistochemical staining for type 1 collagen
also revealed an increase in type 1 collagen expression
in the pellets cultured with chondrogenic differentia-
tion medium [Fig. 6(Ab). D+] compared with pellets
cultured without chondrogenic differentiation factors
[Fig. 6(Ad), D—~]. This chondrogenic phenotvpe of
MSCs cultured in chondrogenic differentiation me-

e

dium was observed in ~50-60% of the total area in
MSC-CD4 antibody-bead complex sections, in con-
frast to 50% in non-labeled MSCs sections (data not
shown). In addition, almost the same resulls were
obtained histologically and immnunchistochemically
in the pellet culture system using the MSC-RGDS
peptide-bead complex-derived MSCs (data not shown).
Moreover, RT-PCR analvsis of the pellet cultures dem-
onstrated that tvpe 1l collagen and aggrecan mRNA
expression could be detected in the MSC-CDH anti-
bodv-bead complex-derived, the MSC-RGDS peptide-
bead complex-derived, and control rat MSC mon-mag-
netically  labeled) cultured  with
chondrogenic differentiation medium [Fig. ofB), D+],
while in the pellets cultured without TGF-33 and dea-
methasone, mMRNA expression of those markers was not
detected [Fig. 6(B), D~ ]. Thus, MSC-magnetic bead com-
plexes could also differentiate into chondrocytes in
three-dimensional colture systems when supplemented
with chondrogenic differentiation factors and the chon-
drogenic potential of the compleves shows only a slight
reduction compared to that of normal rat MSCs,

-derived  pellets
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Figure 4. Magnetic flux density of the neodymium magnet

(diameter: 5 mm, height: 5 mm, magnetic flux densityv: 043
Tesla [T]). A: Magnetic flux density in the vertical direction.
B: Magnetic flux density in the horizontal direction at L7
mun above the magnet. Dy,: width of magnet. Magnetic flux
density was measured using a gauss meter, HGM-=20i
{Probe: F5-3, ADS Co.). [Color figure can be viewed in the
online issue, which is available at www.interscienceiley
com.]
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DISCUSSION

The present study clearlv demonstrates that MSCs
coupled to magnetic heads can proliferate, after sepa-
rating from mediator-immobilized magnetic beads,
and can be attached and gathered effectively in a
desired area by the influence of an external magnet i
vitro. They can also generate d‘tondloqcrm matrix ef-
tectively with the addition of chondrogenic differen-
tiation factors after cell accumulation in the monolaver
culture system. Moreover, in a three-dimensional cul-
ture, they can differentiate into the chondrogenic lin-
eage, as proved by the production of a dense chon-
drogenic matrix and the expression of tvpe Il collagen
and aggrecan mRNA, although the chondrogenic po-
tential of the complexes is a little reduced compared to
that of normal rat MSCs,

The MSC-magnetic bead complexes were assembled
by antigen— antibod v reactions between CD44 antigens
on MSCs and CDH44 antiby dy-immobilized magnetic
beads or by interactions between integrins on MSCs
and RGDS peptides. As far as can be ascertained hy
fight and electron microscopy. the assembly of the
complexes was not 1007, efficient, Before using our
MSC delivery svstem with an external magnetic force
i vivo, optimization of the number of magnetic beads
and the cell number, and modifications of the reaction
method such as reaction time and temperature, are

Figure 5. Distribution of MSC-magnetic head complexes
under the influence of magpetic force and generation of
chondrogenic matrix by the MSC-CD44 anhbnd\ -magnetic
bead complexes in a monolaver culture system. 4, B: In the
experimental group (magnet group, M+), a neodymium
magnet was placed beneath the center of the 24-well plate
(area M). The MSC-magnetic bead complexes were sceded
under the influence of the magnetic force (magnetic flus
density was 0.20 T at 2 mm from plate base, [Fig. 3(Baj]. In
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Heverse franse .'.i]“fll M- u!_. merase chain reaction (R

0 = 3. [Calor figure can be viewed in the online issue, which

avcessary. In addition, morphelogical observation of
clectron and light microscopy
showed that some massive bead conglomerates were
attached on the surface of MSCs [Figs. 1(C,Da) and
20B.Ch]. The complexes were able to separate from the

the complexes by

mediator-immobilized magnetic beads as the culture
period increased, and the cells mul\.‘i proliferate up to
at least 7 days of culture (Fig. 3). It has been demon-
strated by other researchers rhat micro-sized magnetic
beads are phagocytosed by some cells such as active
" or CDS positive lymphocytes.'” Thes.
ost that it is possible that ou

dendritic cells’
data and our vesults sugg
assembled complexes have the potential o cover an
injured site, such as a cartilage defect, by proliferation
and  that mn:dmh'sr-imnmbili?Gn.

of the complexes,
magnetic beads, once released from the ¢

RGDS

Chondrogenesis of the MSC-magnetic bead complexes in the pellet culture system.
differentiation medium (D+), MSC-CD44 antibody-bead complex-derived MSCs were surrounded by denses

rat MSCs

A In a pellet cultured with

1 collagen expression, detected by immunohistochemical

mayv be taken up by cells such as macrophages when
the complexes are applied in vivo. Moreover, our de-
signed complexes could be gathered etfectively undet
the influence of an external magnetic force [Fig. 5(B}],
able to generate Lhnndwg\ nic matrix in
could also ditfer-

and were
monolaver culture {Fig. 5(C)]. They
entiate into the chondrogenic tm:_a;;e in a three-di-
mensional culture system when supplemented with
chondrogenic differentiation factors [Fig. 6(A,B)], al-
though the chondrogenic potential of the complexes
was a little less than that of normal rat MSCs. To assess
more clearly the difference in chondrogenic potential
between the complexes and normal rat MSCs. quanti-
tative gene expression analysis by real time PCR is
required. Taken together, our results show that the
of CIM4 antibody- or RGDS peptide-imimo-

coupling
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bilized magnetic beads with expanded MSCs have
scarcely any effects on cell proliferation and growth or
on the potential of expanded MSCs to differentiate

into chondrocytes, compared to-non labeled-rat MSCs, -
but that our system alloWs their effective delivery to . -

the desired location. Whén comparing the component
of magnetic beads, it is-suggested that RGDS peptide-

immobilized beads woiild be more useful for clinical 2
. “believe that cur‘novel system would also be effective

applications than CD44 antibody- beads, because the

RGDS peptide is a biodegradablé mizterial. -

In previous studies, magne'tf‘c ﬁggds have been gp-._‘ s

plied as a very useful tool for cell separation in bio-
technology 8%
ported cancer cell separation using magnetic particles
with surface markers, using the ganglioside GM1 in
1978.% Recently the application of magnetic beads has

been expected as a magnetic system for the therapy of

diseases such as liver tumors.” We have previously

successfully demonstrated the efficacy of a drug de-
livery system (DDS) using magnetic liposomes con-
taining magnetite: Fe;O, (mean diameter: 10 nm) and
cytokines (recombinant human bone morphogenetic
protein-2, rhBMP-2 or TGF-B1) and the implantation
of a permanent magnet into the target site of a bone or
cartilage defect in a rabbit model.?*® Treatment with
magnetic liposomes containing TGFp1 together with a
permanent magnet implanted near the osteochondral
bone defect resulted in aninctease in the contentra-

tion of TGFp1 in the osteochondral defect and effec-
tively promoted chondrogénesis® However, in this

technique, the permanent magnet had to be surgically
implanted at the injured site. Thus,.the next step was
to use an external magnetic force, which is less inva-
sive and more convenient than surgical implantation
of the magnet because the application time and site
can be changed based on clinical demands. Recently,
we have successfully used >0.3 T (maximum: 0.4 T) of
an external magnetic force for systemic chemotherapy
with magnetic liposomes containing doxorubicin in
osteosarcoma-bearing hamsters.”® As a modification
of this magnetic DDS, we considered using this mag-
netic system to deliver pluripotent stem cells after
combining the cells with magnetic beads, and thus, we
created a novel magnetic stem cell delivery system.?
Before our assembled MSC-magnetic bead complexes
can be applied to an in vivo study, we think it is
important to obtain further experimental results as
follows: (1) the external magnetic force needs to be
appropriate for all kinds of injury site and carefully
shaped to fit the target organ; (2) to attract MSC-bead
complexes to the injured site, we have to determine
the appropriate time of applying magnetic force; (3)
we have to investigate whether MSC-bead complexes
induce an immune response in a host, and (4) inves-
tigate any potential side effects on transplanted MSCs
or host cells when the appropriate magnetic force is
applied.
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Moreover, for future directions, our novel approach
could be used to deliver stem cells to an injury site but
also could be used to deliver appropriate cytokines or

‘signaling molecules, if stem cells are capable of cou-

pling with sﬁa’_l}-sized magnetic liposomes containing
such growth' factors for enhancement of tissue repair.

- Tissue. regeneration would be promoted with this

riovel simultaneous stem cell and growth factor deliv-
ising a: magnetic force. Additionally, we

in; the treatrivent of brain or spinal cord injury and for
malignant tumors, using natural killer cells instead of
autologous bone marrow-derived MSCs.

Currently, to track migration of transplanted cells
such as'stem and progenitor cells by magnetic reso-
nance (MR) imaging, these cells have been used after
labeling magnetically for detection in myocardium?2
and-brain.”*° To our knowledge, magnetic targeting
therapy involving cell delivery for repair of cartilage
defects has not been reported. In the present study, the
door of a novel magnetic targeting therapy using mag-
netic force and MSC-magnetic bead complexes has
been opened. Basic research has started to elucidate
whether magnetically labeled MSCs are able to differ-
entiate into several lineages. There has been contro-
versy over whether or not magnetic labeling of MSCs

.-inhibits chondrogenesis. Arbab et al. demonstrated
* ‘that superparamagnetic iron oxide (SPIO, ferumoxide,

~80+150 nm in size)-labeled MSCs were formed

through the mediation of a polycationic transfection

agent, poly:L-lysine (PLL),*' and could differentiate
into several lineages including the chondrogenic lin-
eage.” On the other hand, most recently, Kostura et al.
reported that SPIO-labeled MSCs inhibited chondro-
genesis, and that the blocking of chondrogenic activity
was mediated by the SPIO, rather than by PLL.* This
blocking of chondrogenic activity by SPIO may be due
to the effect of ‘intracellular’ magnetic labeling of
SPIO-coated PLL, because SPIO-coated PLL acts
through electrostatic interactions and binds to the cell
membrane, inducing membrane bending, following
which the magnetic label is endocytosed.® In the
present study, Ferri Sphere 100C® (310 nm in size),
which is approximately twice the size of SPIO, was
used for ‘extracellular’ magnetic labeling through cell
surface molecules, and we found that our magneti-
cally labeled MSCs could differentiate into the chon-
drogenic lineage, although the chondrogenic potential
of the complexes was somewhat reduced compared to
that of normal rat MSCs. In fact, as far as could be
observed by electron microscopy, magnetic beads
could not be observed intracellularly within MSCs
{Figs. {C) and 2(B)]. However, before clinical appli-
cation of our magnetic cell delivery system can be
considered, further studies by Western blot or real
time PCR analysis to rule out any inhibitory effects of
magnetic beads on signal transduction molecules such
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as the transcription factor, Cbfal or Runx 2, which
could affect chondrogenic differentiation will be re-
quired.

In conclusion, our design of two types of MSC-
magnetic bead complexes were able to proliferate,
effectively gather at a desired location under the in-
fluence of an external magnetic field, and had chodro-
genic potential. Because of the fact that MSC-RGDS
peptide-bead complexes are composed with an easily
biodegradable material, RGDS peptides as a mediator,
the RGDS peptide-bead complex is likely to prove
more useful for minimally invasive clinical applica-
tions of our designed magnetic MSC delivery system
than CD44 antibody-bead complexes. Further studies
are necessary to evaluate the effectiveness of our stem
cell delivery system for cartilage repair in vivo, but we
have clearly demonstrated the potential of this system
in vifro.

We thank Dr. Mitsutake Motozawa of Tamakawa Sei-
sakusyo Co. and Dr. Tomohiro Nakano and Mr. Patrick
Sharman of Hiroshima University, for their technical assis-
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Introduction

Bone morphogenetic proteins (BMPs) are members of se-
creted signaling proteins that belong to the transforming
growth factor-p superfamily. BMPs were originally identi-
fied as molecules that induced ectopic bone formation when
implanted into rodent muscles [1,2]. In this process, mesen-
chymal precursor cells condense and differentiate into two
distinct tissues, namely the cartilage template and the sur-
rounding perichondrinm. Subsequently, chondrocytes in
the cartilage template undergo a program of proliferation,
cell cycle arrest, hypertrophy, calcification, and ultimately
cell death. Ossification of the calcified matrix around the
hypertrophic layer occurs upon vascularization and the re-
crujitment of osteoblasts to the site [3]. In accordance with
such in vivo effects, BMPs have been shown to regulate
osetoblast differentiation in vitro [4].

BMPs bind to a characteristic pair of type I and IT trans-
membrane serine/threonine kinase receptors (Fig. 1). They
first bind to the type II receptor, which phosphorylates the
GS domain of the type I receptor. The activated type 1
receptor subsequently recruits and phosphorylates the tran-
scription factors Smadl, Smad5, and Smad8 (R-Smads)
through the GS domain. R-Smads then physically associate
with Smad4 (Co-Smad), translocate into the nucleus, and
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activate the target genes in concert with other coactivators.
Smad6 blocks BMP signaling by inhibiting the phosphoryla-
tion of the BMP-dependent R-Smads by the BMP type 1
receptors [5,6].

Skeletal phenotypes of BMP knockout mice

Because BMP2, 3,4, 5, 6, 7, and GDFS5 are expressed in the
developing skeletal elements [7], these BMPs may be in-
volved in skeletogenesis. To clarify the physiological roles
of BMPs, a number of BMP knockout mice were generated
(Table 1). Briefly, homozygous Bmp2-deficient (Bmp2—/-)
or Bmp4-deficient (Bmp4—/-) mice are embryonically lethal
before the onset of skeletogenesis [8,9]. Twelve percent of
heterozygous Bmp4+/- mice exhibit preaxial polydactyly.
Bmp3—/— mice exhibit increased bone density [10]. Short ear
mice, which are caused by a naturally occurring mutation
in the Bmp5 gene, have many anatomical abnormalities:
reduced ear size, reduction in body size, reduction in the
number of ribs, misshapen xiphoid appendix, hydronephro-
sis, and lung abnormalities [11]. Bmp6—/— mice have no
skeletal patterning defects except a mild delay in sternum
ossification that can be traced to the formation of mesen-
chymal condensation [12]. Bmp7-/— mice have patterning
abnormalities in the hind limbs. However, histological
analysis failed to detect any other abnormalities in osteo-
blast differentiation [13]. Brachypodism is a spontaneously
occurring phenotype caused by a mutation in the GdfS
gene, characterized by a reduction in the length of the long
bones and the replacement of two bones in most digits by a
single skeletal element [14]. A generation of mice harboring
mutations in two different BMP genes adds little to the
knowledge of physiological bone formation (see Table 1)
[15-21]. Thus, all naturally occurring or genefically engi-
neered mice deficient in BMPs reported to date are either
normal, exhibit abnormalities in skeletal patterning, or die
during early embryonic development, and thus provide no
information on the physiological role of endogenous BMPs
in bone formation [7].
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Table 1. Information from BMP knockout mice

BMP2-/-

BMP3-/-

BMP4+/-

BMP4-/—

BMP5-/—

BMP6—/—

BMP7-/-
BMP8a-/—
BMP8b-/~
BMP11-/-
BMP12-/-
BMP15-/-
GDF5-/-

GDF8-/-

GDR-/—

BMP2+/—; BMP4+/—
BMP2+/~; BMP6—/~
BMP2+/—; BMP7+/—
BMP4+/—; BMP7+/—-
BMPS5-/-; BMP6—/~
BMP5+/~; BMP7+/—
BMP5-/-; BMP7—/-
BMP5-/—; GDF5-/—
BMP6-/—; BMP7-/—
BMP7+/-; BMP8a—/—
BMP8a+/—; BMP8b+/—

Embryonically lethal, small allantois, lack of amnion
Increased bone density

Preaxial polydactyly of hindlimb, cystic kidney
Embryonically lethal, lack of allantois, heart defect
Short ear mice, abnormality of rib cage

Delayed sternum ossification

Abnormality of rib cage, polydactyly

Defect in spermatogenesis

Defect in spermatogenesis

Abnormality of A-P patterning of axial skeleton
Hydrocephalic abnormality

Defect in cogenesis

Brachypodism, shortened limbs, reduced digit bones
Skeletal muscle hypertrophy

Defect in cogenesis

Fewer primordial germ cells than BMP2+/- or BMP4+/—
Reduction in bone formation due to osteoblast dysfunction
No skeletal abnormality

Skeletal defect in rib cage, polydactyly

Almost the same as BMP5-/-

No skeletal abnormality

Embryonically lethal, defect in cardiac cushion and septation
Combination of BMP5-/— and GDF5-/—

Embryonically lethal, lack of allantois, heart defect
More severe defects in spermatogenesis than BMP8a—/—
Defects in spermatogenesis and epididymis

Fig. 1. BMP/Smad signaling pathway. BMPs bind to type I and type 11
receptors that are membrane-bound serine/threonine kinase receptors.
Upon ligand binding, type II receptor phosphorylates the GS domain
of the type I receptor, and type I receptor induces phosphorylation of
R-Smads. Phosphorylated R-Smads form complexes with Co-Smad,
and translocate into the nucleus

Induction of bone formation by
hypertrophic chondrocyles

The vertebrate skeleton is derived from three distinct em-
bryonic lineages: neural crest cells, paraxial mesoderm, and
lateral plate mesoderm. Cells of these lineages proliferate
and migrate into distinct mesenchymal condensations at the

sites of future elements. Subsequently, they follow two dis-
tinct ways of bone formation: intramembranous and endo-
chondral [3]. During intramembranous bone formation,
condensed mesenchymal cells differentiate directly into os-
teoblasts. Most craniofacial bones and clavicles are formed
through this process. Most of the bones are formed through
the latter process, which is characterized by the replace-
ment of a cartilage mold by bone and bone marrow [22]. In
endochondral bone formation, there are several pieces of
evidence that show that hypertrophic chondrocytes induce
bone formation in adjacent tissues. First, bone formation
always occurs in locations adjacent to the hypertrophic
chondrocytes [23]. The primary spongiosa and bone collar
are formed around the hypertrophic chondrocytes. This
rule applies to all endochondral bones, large or small, with-
out exception. Second, in mice lacking the parathyroid hor-
mone (Pth)-related peptode (Pthrp) gene or its receptor, the
Pth/Pthrp recepior (Ppr) gene, the regulation of hypertro-
phy is disturbed, and ectopic chondrocyte hypertrophy and
ectopic bone formation appear [24-26]. Third, both the hy-
pertrophy of chondrocytes and the formation of bone collar
and primary spongiosa are suppressed in transgenic mice
expressing the constitutively active Ppr under the control of
the chondrocyte-specific type II collagen promoter (Col II
Ppr transgenic mice) [27]. Furthermore, by the introduction
of the Col I1 Ppr transgene, both the ectopic hypertrophy
and the ectopic bone formation seen in Pthrp—/— mice are
reversed [23]. Thus, the chondrocyte-specific manipulation
of PTHrP signaling influences the appearance of ectopic
bone formation. Fourth, in the growth plate of Ppr—/—/WT
chimeric mice, ectopic bone collars are formed near clusters
of ectopic prehypertrophic/hypertrophic chondrocytes [23].
Thus, during endochondral bone formation, hypertrophic
chondrocytes in the growth plate link chondrogenesis to



osteogenesis by inducing osteogenesis in adjacent perichon-
drium and primary spongiosa.

Hypertrophic chondrocytes express a number of growth
factors, cytokines, and matrix proteins. Among them, In-
dian hedgehog (Ihh) has been proven to be indispensable
for osteogenesis by hypertrophic chondrocytes [23,28].
However, Thh alone cannot induce bone formation [29],
suggesting that other factors secreted from hypertrophic
chondrocytes may also be necessary for osteogenesis.
Because some BMPs can induce ectopic bone formation
when implanted into rodent muscles and promote os-
teoblast differentiation in vitro, they are strong candidates
for osteogenic factors secreted from hypertrophic
chondrocytes.

BMP subtypes expressed by
hypertrophic chondrocytes

Because hypertrophic chondrocytes induce bone formation
in the primary spongiosa and the perichondrium during
endochondral bone development, BMPs that are important
for physiological bone formation are likely to be expressed
by hypertrophic chondrocytes. BMP2, 3, 4, 5, 6, 7, and
GDFS5 are known to be expressed in the growth plate [7,12].
BMP? is expressed in the hypertrophic chondrocytes, the
perichondrium, and the developing joints. Expression of
BMP3 is detected in the perochondrium along the shaft, but
not surrounding the epiphyses. BMP4 transcripts are de-
tected in the cells of the perichondrium and the transition
zone adjacent to the mature hypertrophic chondrocytes.
BMPS is expressed in the perichondrium. BMP6 expression
is localized to the hypertrophic chondrocytes and joints.
Expression of BMP7 is detected in the proliferative
chondrocytes and the inner perichondrium. These reports
indicate that the main BMP subtypes expressed by the hy-
pertrophic chondrocytes are BMP2 and BMP6 [12,30].

Bmp2+/-; Bmp6—/— mice exhibited growth
retardation with proportional growth plates

As is the case with the other BMPs, however, there is no
direct evidence that BMP2 and BMP6 are essential for
physiological bone formation, because Bmp2—/— mice die at
an early embryonic stage [8], and Bmp6—-/— mice show no
skeletal abnormality except for a slight delay in the
ossification of the sternum [12]. Because there may be ge-
netic redundancy between BMP2 and BMP6 in the regula-
tion of bone formation, compound knockout mice lacking
one allele of the Bmp?2 gene and both alleles of the Bmp6
gene (Bmp2+/—; Bmp6—/—) were generated and the effect on
bone formation was analyzed [30].

Although BMPs are known to play important roles in
skeletal patterning during embryonic development, there
was no apparent abnormality of skeletal patterning in
Bmp2+/—; Bmp6—/— mice. In contrast, there was growth
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retardation in Bmp2+/—; Bmp6—/— mice. The size of the
Bmp2+/~; Bmp6-/- growth plate was smaller than that of
the WT, but the proportions of the distinct layers of growth
plate chondrocytes (periarticular proliferative, columnar
proliferative, and hypertrophic) showed no significant
differences. Although several lines of evidence indicate
that BMPs promote chondrocyte hypertrophy, Bmp2+/—;
Bmp6—/- mice did not show a significant difference in chon-
drocyte differentiation.

Impaired bone formation due to osteoblast
dysfunction in Bmp2+/—; Bmp6—/— mice

As for bone formation, the trabecular bone volume and
cortical thickness were significantly reduced in Bmp2+/—;
Bmp6—/— mice. Bone histomorphometric analysis showed
that bone volume was decreased by 31% compared with
that of the WT. Regarding the parameters of bone forma-
tion, there was a significant reduction in mineral apposition
rate and bone formation rate per bone surface, but little
difference in osteoblast number. On the other hand, the
parameters of bone resorption were normal. These data
suggest that bone loss in Bmp2+/—; Bmp6—/— mice was
caused by the inhibition of bone formation due to an im-
pairment of osteoblast function. Urinary deoxypyridino-
line, a marker for bone resorption, showed little difference
between the two groups.

Fracture healing recapitulates some aspects of the in-
tramembranous and endochondral bone development [31],
and the abnormalities of such development are sometimes
exaggerated in fracture healing. The endochondral, not
the intramembranous, bone formation was defective in
Bmp2+/—; Bmp6—/— mice. In Bmp2+/—; Bmp6—/— mice, a
massive cartilaginous callus persisted, which contained hy-
pertrophic chondrocytes. The hypertrophic differentiation
of chondrocytes was similar between WT and Bmp2+/—;
Bmp6-/— mice, suggesting that the bone induction ability of
the hypertrophic chondrocytes was impaired in Bmp2+/—;
Bmp6—/— mice.

Comparison of Bmp2+/—; Bmp6—/— mice and mice
deficient in the BMP signaling cascade

Recently, transgenic mice expressing a dominant-negative
form of Bmp receptor 1b (Bmpr-1b) under the control of the
type I collagen promoter were generated, and they closely
resembled Bmp2+/—; Bmp6—/— mice [32). They were smaller
than the WT mice and showed impairment of postnatal
bone formation with the number of osteoblasts and the
parameters of bone resorption unchanged, suggesting
that osteoblast function was impaited. In addition,
transgenic mice lacking the Bmp receptor la (Bmpr-la)
specifically in osteoblasts using the Cre/loxP system under
the control of the osteocalcin 2 promoter also exhibited low
bone mass due to impaired ostecblast function [33]. Noggin
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is a secreted glycoprotein and acts as a BMP antagonist.
Noggin binds to BMP2, 4, 5, 6, and 7 and inhibits their
binding to the BMP receptors. Transgenic mice expressing
Noggin under the control of the osteocalcin promoter ex-
hibited a reduction in the trabecular bone volume and the
bone formation rate, but not in the number of osteoblasts
[34,35]. Smurfl is a HECT domain ubiquitin E3 ligase and
inhibits BMP signaling by inducing the degradation of R-
Smads and BMP receptors. A deficiency of SmurfI in mice
showed an increase in bone mass due to the enhanced ac-
tivities of osteoblasts [36], and transgenic mice expressing
Smurfl under the control of the type I collagen promoter
exhibited osteopenia [37]. The bone phenotypes of these
genetically manipulated mice, in which the osteoblasts
could not transduce normal BMP signaling, were similar to
those of Bmp2+/~; Bmp6—/— mice. These data support our
hypothesis that BMP2 and BMP6 act on osteoblasts to
induce normal bone formation.
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Abstract The present study aimed to evaluate the preva-
lence and clinical presentation of Paget’s disease of bone
(PDB) in Japan. As PDB is a very rare disease in Japan, a
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nationwide mail survey was conducted targeting doctors in
the specialty most frequently diagnosing and treating PDB
patients in Japan. First, the literature for all case reports in
Japan published between January 1990 and December 2002
was reviewed to determine who was diagnosing and treating
PDB in Japan. This literature review for all case reports in
Japan revealed that 72.1% of cases in Japan were reported
from departments of orthopedic surgery. A nationwide two-
phase mail survey was conducted for the departments of
orthopedic surgery of 2320 general hospitals accredited by
the Japanese Orthopaedic Association. Phase 1 involved
determining how many patients with PDB were followed at
each hospital. If the answer was one or more, phase 2 of the
survey gathered information on the clinical presentation of

current patients. The mail survey yielded a final response .

rate of 75.4% for phase 1 and 87.6% for phase 2. Phase 1
indicated that the prevalence of PDB in Japan is about 2.8
cases per million capita. Phase 2 revealed a slight female
predominance, lower frequency of familial clustering,
higher frequency of femoral fracture in the affected femur,
and a higher ratio of symptomatic PDB in Japan compared
with findings in countries displaying a higher prevalence of
PDB. The present epidemiological study revealed that the
disorder is extremely rare in Japanese individuals, and that
some differences exist with regard to the clinical features of
PDB between Japanese patients and patients from high-
prevalence countries.

Key words Paget’s disease of bone prevalence
clinical manifestation - nationwide mail survey - Japanese
population

Introduction

Paget’s disease of bone (PDB) is very common in elderly
Caucasian populations in Europe, the United States, and
Australia, and is well known to display distinct geographical
variation. The prevalence of PDB varies from 0.1% to 5%
in individuals, depending on the country {1-9]. While PDB




is highly prevalent in countries such as the United Kingdom,
France, Germany, New Zealand, and Australia, prevalence
is relatively low in Northern Europe [6], and the disease is
extremely rare in Asia and Africa, where data are limited to
a small number of published case reports [10-14] and no
prevalence data are currently available.

Recent studies in Europe, North America, and New
Zealand have suggested a decline in the prevalence and an
attenuation of the clinical severity of PDB [15-18]. Al-
though a wide range of clinical manifestations is reported
among patients with PDB, including bone pain, fracture,
secondary osteoarthritis, hearing loss, and secondary sar-
coma, the precise clinical manifestations of PDB in Asia
and Africa remain unknown. Because epidemiological re-
search in countries with an extremely low prevalence of
PDB would provide valuable insights into the etiology of
PDB, by comparing patients’ clinical manifestations among
geographical areas with clearly different prevalences, the
present study sought to conduct such research in the
Japanese population.

Estimates of the prevalence of PDB have primarily been
derived from autopsies, bone scans, or radiographic surveys
of subjects investigated in hospitals, and population-based
radiological and biochemical surveys [9,19,20]. In a prelimi-
nary study, lumbar and pelvic lesions were surveyed, using
abdominal radiographs of 1000 Japanese population-based
subjects in a limited area, but the study failed to identify any
Pageticlesion. The present study therefore selected a nation-
wide mail survey to estimate the prevalence of PDB in Japan.
However, contacting all Japanese medical doctors was
clearly impractical. The nationwide mail survey was there-
fore targeted at doctors in the specialty most frequently
involved in diagnosing and treating PDB patients in Japan.
In order to determine which kind of doctor most frequently
diagnoses and treats PDB patients in Japan, a search of the
literature for case reports in Japan was conducted.

The objectives of this study were to evaluate the preva-
lence and clinical presentation of PDB in Japan.

Materials and methods
Review of published case reports of PDB in Japan

The literature was reviewed for all case reports in Japan
published between January 1990 and December 2002, to
determine who was diagnosing and treating PDB patients.
A systematic search was performed using the key words
“Paget’s disease in bone” in electronic databases (Japana
Centra Revuo Medicina). Duplication of cases was avoided
by referring to the key content of each report, and cases
were classified by the reporting affiliation as Department of
Orthopedic Surgery, Department of Internal Medicine, or
Otbher.

Mail survey

A mail survey was conducted from September 2002 to May
2003, proceeding in two phases. Phase 1 involved determin-
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Table 1. Sources of referral (by specialty) of 154 cases of Paget’s
disease in Japan (1990-2002)

Department Frequency listed (%)
Orthopedic surgery 111 (72.1%)

Others 43 (27.9%)

Total 154

ing how many patients with PDB were followed at each
hospital at the time of the mail survey. If the answer was one
or more, phase 2 of the survey gathered the following
information on the clinical presentation of current patients:
diagnostic procedure; age; sex; familial aggregates; types of
clinical symptoms; complications; pattern of bone involve-
ment; serum alkaline phosphatase levels; therapeutic agents
used; and prognosis. Surveys were mailed on three occa-
sions to nonresponders in order to maximize the response
rate.

Resuits
Review of published case reports of PDB in Japan

Use of the key words “Paget’s disease in bone” in the pub-
lished databases yielded 245 hits, representing 154 cases
after meticulous exclusion of duplicated data. These final
154 cases were categorized as 111 cases reported by Depart-
ments of Orthopedic Surgery (72.1% ) and 43 cases reported
by Others (27.9%; Table 1).

Mail surveys

Becasuse PDB was diagnosed mainly at departments of
orthopedic surgery in Japan, we conducted a mail survey of
the departments of orthopedic surgery at 2320 general hos-
pitals accredited by the Japanese Orthopaedic Association.
The response rate for phase 1 of the survey was 75.4%,
revealing a total of 194 patients, including 1 Indian patient,
being followed at departments of orthopedic surgery at 162
general hospitals. The response rate for the phase 2 survey
that gathered data on the 194 PDB patients was 87.6%. Of
the 194 cases identified in phase 1, phase 2 responses were
gained for 170 cases (169 Japanese patients, 1 Indian pa-
tient). No duplication of cases was found among the 170
cases according to.the obtained clinical data, age, sex, and
initials of the name, but duplication could not be excluded
from the remaining 24 cases.

Estimated prevalence of PDB in Japan

Based on 72.1% of Japanese cases of PDB being diagnosed
and the patients treated at departments of orthopedic sur-
gery, the response rate of 75.4% in the phase 1 survey, and
data from the Ministry of Public Management that the Japa-
nese population was 126008000 in 2002, the prevalence of
PDB in Japan was calculated as 2.8 per million capita, using
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Fig. 1. Age distribution of patients with Paget’s disease of bone in
Japan

Table 2. The clinical features of 169 patients with PDB in Japan

Age (years) mean + SD 64.7+14.5
Sex, male/female (ratio) 78:91 (0.86:1)
Familial aggregation (n = 158)* 10 (6.3%)

Symptom
Asymptomatic (%)
Symptomatic (%)
Monostotic/polyostotic (ratio)
Skeletal distribution (%)

42 (24.9%)
127 (75.1%)
87:82 (1.06: 1)

Pelvis 93 (55.0)
Spine 54 (32.0)
Femur 46 (27.2)
Skull 34 (20.1)
Tibia 25 (14.8)
Serum ALP levels (12 = 164)"
Normal range 17 (10.4)
<3-fold above ULN 74 (45.1)
3- to 6-fold above ULN 49 (29.9)
26-folds above ULN 24 (14.6)

ULN, upper limit of normal range
*Data not available for 11 patients
°Data not available for 5 patients

the following equation: 193 cases x (100% /72.1%) x (100%
175.4%) % (10600000 / 126 008 000).

Analysis of clinical characteristics in
Japanese PDB patients

Data for the 169 Japanese patients gathered in the phase 2
study were analyzed. Among these 169 patients (age range,
26 to 92 years; mean age + SD, 64.7 + 14.5 years; Table 2),
PDB markedly increased in prevalence with increasing age
up to age 74 (Fig. 1). The male/female ratio was 0.86:1, and
only 6.3% of patients had familial clustering; 75.1% of pa-
tients were symptomatic, and the most frequent symptoms
were pain (including lumbago, coxalgia, buttock pain, and
gonalgia) followed by skeletal deformity (Tables 2 and 3).
Data regarding skeletal distribution revealed that monosto-

Table 3. Symptomatology of 127 patients with symptomatic PDB in
Japan

Lumbago 30
Coxalgia 29
Skeletal deformity 24
Buttock pain . 18
Gonalgia 11
Hearing loss 8
Dental problem 5
Others 9

The total number of patients listed is more than 127 because several
patients had more than one symptom

tic and polyostotic disease exhibited almost equal preva-
lence. Commonly involved skeletal sites were the pelvis,
spine, and femur. Serum alkaline phosphatase levels were
elevated beyond the upper limit of normal in 89.6% of
patients (Table 2).

In addition to the fundamental diagnostic procedures of
radiology, bone scans, and biochemical parameters of bone
metabolic activity, bone biopsy was performed for diagnosis
in 55% of the patients. Medical management was limited
almost exclusively to the use of calcitonin and etidronate,
becaue these are the only two agents licensed for the
management of PDB in Japan. However, some doctors
have used other bisphosphonates, including alendronate,
risedronate, and pamidronate, which are approved in coun-
tries advanced in the management of PDB. Despite the high
frequency of medical management, more than half of the
patients remained symptomatic. In regard to complications,
16 patients displayed fractures, 1 developed hip osteoarthri-
tis requiring total hip replacement, 2 developed osteosarco-
mas, and 1 had malignant fibrohistiocytoma (MFH) in bone.
The most frequent sites of fracture were the hip and pelvis
(Table 4).

Discussion

PDB is known to be a very rare disease in Japan, although
its prevalence and clinical features have not been clarified.
Thus, the majority of cases of PDB in Japan tend to be
reported in the literature as case reports. This permitted us
to ascertain the sources of referral in Japanese patients with
PDB through a review of published case reports. Between
January 1990 and December 2002, 154 cases were reported
of which 72.1% were reported from departments of ortho-
pedic surgery in the country. We therefore performed a
nationwide mail survey to the departments of orthopedic
surgery of 2320 general hospitals accredited by the Japanese
Orthopaedic Association; the final response rate in this mail
survey was 75.4% for phase one and 87.6% for phase two.
These response rates may be sufficient to delineate the
prevalence of PDB in Japanese patients.

The study has revealed that the prevalence of PDB in
Japan across all ages is 2.8 per million. The prevalence of
PDB is reported to range from 0.1% to 5% in high-
prevalence countries [1-9]; thus, the prevalence in Japan is
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Table 4. Treatment, prognosis, and complications of PDB in 169 Japa-
nese patients

Frequency listed (%)

Diagnostic procedures

Biopsy 93 (55.0)
Without biopsy 76 (45.0)
Treatment
No drug 26 (15.4)
NSAID 65 (38.5)
Calcitonin 105 (62.1)
Etidronate 25 (14.8)
Alendronate 15 (8.9)
Risedronate 2(1.2)
Other bisphosphonates 4(2.4)
Prognosis (n = 152)*
No symptoms 57 (37.5)
Pain decrease 50 (32.9)
. Pain persistence 25 (16.4)
Complications 20(13.2)
Complications
Fractures - 16(9.5)
Femur 10
Pelvis 2
Lumbar spine 1
Tibia 1
Unreported 2
Total hip arthroplasty 1 (0.6)
Sarcoma 3(1.8)

“Data not available for 17 patients

The sum of listed percentages for treatment is more than 100%. be-
cause this Iist includes drugs that were used formerly, as well as
currently used drugs

extremely low. PDB increased markedly in prevalence with
advancing age, and this age distribution is somewhat similar
to that observed in high-prevalence countries. The male/
female ratio in the Japanese population is 0.86:1, with
slight female predominance, although most studies in high-
prevalence countries have reported a slight male predomi-
nance, with male/female ratios ranging from 1.2 to 1.8
[15,16,21-22]. The frequency of familial clustering in the
Japanese population (6.3%) was lower than that of 15%-
40% in high-prevalence countries [23-25].

In the present study, 75.1% of patients were symptom-
atic, although up to 30% of PDB patients in the United
Kingdom and the United States had symptoms related to
the disease [16,22]. This study has several limitations. First,
the data were analyzed for subjects followed only at depart-
ments of orthopedic surgery. Second, these data might not
reflect the true proportion of patients with PDB in Japan,
through selection bias (missing asymptomatic patients with
PDB might result in underestimation of the overall preva-
lence of asymptomatic PDB). Despite potentially missing
asymptomatic PDB cases in this study, we consider any such
bias to be insufficient to dispel the findings of an extremely
low prevalence of PDB in Japan.

The most frequent clinical symptoms in Japanese PDB
patients were musculoskeletal pain and skeletal deformity,
findings similar to those in high-prevalence countries.
There was a slight difference in the monostotic/polyostotic
ratio among Japanese and Caucasian populations, with the
prevalence of polyostotic disease in Japan being 48.5%,
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contrasting with 66 % in high-prevalence countries [26]. The
common sites of involvement were pelvis, spine, and femur,
and this distribution is similar to that seen in the Caucasian
population [27]. Serum alkaline phosphatase levels were
elevated beyond the upper limit of normal in 89.6% of
Japanese patients, a finding similar to that in high-
prevalence countries, where levels are elevated in 85% of
patients with untreated Paget’s disease [28].

Diagnostic bone biopsy was performed in 55% of pa-
tients in Japan. In high-prevalence countries, bone biopsy
is not recommended for the diagnosis of Paget’s disease
[29,30]. This tendency in diagnostic procedures probably
reflects the fact that Japanese physicians are unfamiliar with
the disease and our principal concern in diagnosis is to
exclude possible malignant bone tumor. The present study
showed that more than half of patients remain symptomatic
in Japan, possibly due to the limited number of agents
licensed in Japan for PDB treatment. It remains unclear
whether aggressive treatment of PDB to normalize disease
activity would result in fewer long-term complications, as
the only two licensed drugs, etidronate and calcitonin, did
not sufficiently alleviate pain for the majority of PDB pa-
tients. However, despite insufficient medical management
of PDB in Japan, the frequency of hip osteoarthritis and
secondary sarcoma was not high compared with frequencies
in high-prevalence countries. The ratio of arthroplasty per-
formed to frequency of hip osteoarthritis in Paget’s disease
was 1.5% in high-prevalence countries [22], while it was
0.6% in Japan. The frequency of malignant bone tumor in
PDB was between 0.1% and 5% in high-prevalence coun-
tries [22,31-33], while it was 1.8% in Japan. In contrast to
the lower frequency of hip osteoarthritis and secondary
sarcoma, that of fracture in the affected femur was much
higher in Japan than in high-prevalence countries {21.7%
(10 cases/46 cases), compared with 3% [27]}. The higher
ratio of symptomatic PBD in Japan, which might be a result
of insufficient therapeutic intervention in Japan compared
to that in high-prevalence countries, might explain some
part of this difference.

In conclusion, the present epidemiological study clarified
the prevalence and clinical manifestations of PDB in Japan,
revealing that the disorder is extremely rare in Japanese
individuals and that there are some differences in the clini-
cal features of PDB between Japanese and patients from
high-prevalence countries. Familial aggregation (6.3%) and
polyostotic PDB (48.5%) were less common in Japan than
in high-prevalence countries. Based on the results of this
study, we are currently develbping a registration system for
PDB patients in Japan in order to facilitate the dissemina-
tion of knowledge to physicians of this rare disease among
Japanese.
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