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Fig. 3. Gene expression of BMPR-1A, -1B, -2, OC, and Smad-4 for 0,
24,4872, and 96 h and Noggin for 0, 12, 24, 48, and 72 h after 100 ng/ml
rhBMP-2 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern blot
analysis by Densitometry (B). G3BPDH mRNA levels (the bottoms of
all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). After rhBMP-2 stimulation, OC was up-
regulated time-dependently. Noggin level peaked at 24h. Expression
of BMPR-1A and -2 was increased moderately after 24h, then
gradually decreased thereafter. Smad-4 was gradually and weakly up-
regulated after stimulation. BMPR-1B was not increased during the
experimental period

report using the pluripotent C2C12 cell line, and another
study that revealed predominant expression of BMPR-1B
in brain and not skeleton [20].

The induction of Noggin gene expression in cells of the
osteoblastic lineage following exposure to rhBMP-2, and in
fetal rat limb explants by BMP-7, has been reported [21,22].
In this study, Noggin gene expression was also confirmed
in muscle-derived primary culture cells, an osteoblastic
cell line (MC3T3-E1), and a nonosteoblastic, embryonic
fibroblast-like cell line (NTH3T3) [16,23,24]. As Noggin is a
representative antagonist of BMP action, the expression of
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Fig. 4. Gene expression of BMPR-1A, -1B, -2, OC, and Smad-4 for 0,
24, 48,72, and 96h and Noggin for 0, 12, 24, 48, and 72h after 20%
mBMP-4 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern blot
analysis by Densitometry (B). G3PDH mRNA levels (the bottoms of
all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar to that seen
after stimulation of 100ng/ml rhBMP-2

Noggin might act as a negative regulator of the BMP-
induced cellular reactions, and consequently reduce the sus-
ceptibility of the cells to BMPs.

Three classes of Smads, termed receptor-activated
Smads (R-Smads), common Smads (Co-Smads), and inhi-
bitory Smads (I-Smads), have been identified in mam-
mals. Smadsl, 5, and 8 are R-Smads that primarily mediate
BMP signaling from the receptors to the nucleus [16,25].
Therefore, the up-regulation of Smad-4, which is a repre-
sentative BMP signaling Co-Smad, in a time- or dose-
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Fig. 5. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after 1000ng/ml thBMP-2 stimulation in MC3T3-E1 cell
line by Northern blot analysis (A) and quantitation of the data of
Northern blot analysis by Densitometry (B). G3PDH mRNA levels
(the bottoms of all lanes are G3PDH) obtained by Northern blotting
were used for normalization (A). The score on hour 0 (just after BMP
stimulation) was used as a standard (B). BMPR-1A and -2 were weakly
induced after rhBMP-2 stimulation, peaked at 24h, then decreased
gradually. Noggin was also moderately induced after stimulation
showed maximal expression at 24 h, then decreased thereafter. BVIPR-
1B was not induced during the course of the reaction

dependent manner suggests that BMP signaling in muscle
tissue is regulated in a coordinated manner. OC is a well-
characterized osteoblast differentiation marker, and MyoD
is also a good marker for myoblastic differentiation [26].
Although the expression of MyoD was not detected in
this study, the expression of OC was enhanced on day 2
after BMP-2 or -4 stimulation. These results indicate that

BMP-induced osteogenic differentiation in muscle tissue -

might occur through a BMP/Smad signaling pathway, and
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Fig. 6. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96 h after mBMP-4 (20%) stimulation in MC3T3-E1 cell line by
Northern blot analysis (A} and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar to that seen
after stimulation of 1000 ng/ml rthBMP-2, but the expression levels with
mBMP-4 (20%) were smaller than those with 1000ng/mi thBMP-2

muscle-derived primary culture cells might lose the muscle
phenotype after BMP exposure.

The expression profiles were much more prominent for
primary undifferentiated mesenchymal cells derived from
muscle than for MC3T3-E1 or NTH3T3 cells in this study.
Muscle-derived primary culture cells include a large popu-
lation of undifferentiated mesenchymal cells, as described
elsewhere [14]. Clearly, undifferentiated mesenchymal cells
in muscle tissue are highly responsive to BMPs, based on
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Fig. 7. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24,48,
72, and 96h after 1000 ng/ml rhBMP-2 stimulation in NTH3T3 cell line
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). BMPR-1A and -2 were weakly induced
after rhBMP-2 stimulation, peaked at 24h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24 h, then decreased thereafter

the changes in gene and protein expression levels observed
in this study. The proliferation and differentiation of osteo-
blasts from osteoprogenitor cells in murine bone marrow

cultures induced by BMP-2 or -4 have been reported.

[27,28]. However, there have been few reports using
muscle-derived primary culture cells with BMPs. In this
study, the expression of BMP-related molecules was exam-
ined using undifferentiated mesenchymal cells derived from
mouse muscle tissue.
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Fig. 8. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after mBMP-4 (20%) stimulation in NTH3T3 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). BMPR-1A and -2 were weakly induced
after thBMP-2 stimulation, peaked at 24 h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24h, then decreased thereafter. BMPR-1B was not
induced in all experimental stages. In NIH3T3 cells, the expression
pattern was similar to that observed in the MC3T3-E1 culture
experiments. Expression levels were greater in NIH3T3 cells than in
MC3T3-E1 cells

The majority of undifferentiated mesenchymal cells in
muscle-derived primary culture cells showed a fibroblastic
appearance. These cells are considered to be heterogenous,
and contain some kinds of precursor cells such as bone,
cartilage, and muscle. They differentiate into each pheno-
type when they are placed in each differentiation condition.



0 0

A

Fig. 9. The expression of MyoD in muscle-derived primary culfure
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Fig. 10. Western blot analysis of BMPR-1A, -1B, -2, and Noggin after
60% mBMP-4 or 1000ng/ml thBMP-2 stimulation in muscle-derived
primary culture cells. Equivalent loading and integrity of protein were
confirmed by Coomassie brilliant blue staining on the gel (lower panel).
Mouse skeletal muscle proteins were used as positive controls. BMPR-
1A and -2 were detected at Oh, induced at 24 h, peaked at 48 h, and then

In our study, BMPs stimulated them to upregulate the ex-
pressions of a bone marker (OC) and cartilage markers
(type IT collagen and aggrecan, data not shown), but not the
nuscle marker examined previously. However, it is unclear
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gradually decreased in both 60% mBMP-4 and 1000ng/ml rhBMP-2
stimulation groups. Expression was greater for BMPR-2 than for
BMPR-1A. BMPR-1B was not detectable during any stages in either
treatment group. Noggin was not detected at Oh, was up-regulated at
24 h, peaked at 48 h, and decreased thereafler

whether bone and cartilage phenotypes were induced by
BMPs in separate cells or in a single cell.

To further understand the potential autoregulatory
mechanism in response to BMP, further gene expression
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studies will be necessary. Ultimately, this knowledge may
provide new approaches to the regulation of local and sys-
temic bone formation.
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Abstract This study was designed to investigate effects of
heat on the bone-inducing activity of recombinant human
bone morphogenetic protein {rhBMP)-2. thBMP-2 samples
were heated at 50, 70, 90, or 100°C for 15min, or [, 2, 4, or
8h, or autoclaved at {20°C for 15min. The bone-inducing
activity of the rhBMP-2 before and after heating was as-
sayed in in vivo and in vitro systems. For the in vivo assay,
Spg rthBMP-2 samples were impregnated into porous col-
lagen disks (6mm in diameter, Imm thickness), freeze
dried, and implanted into the back muscles of ddY mice.
Three weeks later. the implant was harvested from the host
and examined for ectopic new bone tissue by radiography.
The new bone mass was quantified by single-energy X-ray
absorptiometry. The in vitro activity of the thBMP-2 was
assayed by adding the BMP sample al a concentration of
100ng/ml to cultures of MC3T3-E1 cells. After 48h. the
alkaline phosphatase activity was measured. After heating
at 50° or 70°C, no significant reduction in bone-inducing
activity was noted in either in vivo or in vitro assay systems
unless the protein was exposed to sustained heat at 70°C for
§h, based on in vitro assay dala. However, heating above
90°C and for longer periods led to a decrease in the biologi-
cal activity of the thBMP-2 in a time- and temperature-
dependent manner, thBMP-2 was rendered inactive when
exposed to temperatures at or in excess of 120°C.

Key words Heat stability - Bone induction - Molecular
structure
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Introduction

Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor-f superfamily [1] and possess unique
biologic activity that leads to new bone formation [2- 4].
BMP-2 is a member of the BMP family, and the hwman
form (hBMP) has been successfully synthesized by the use
of DNA recombination technology (thBMP) for commer-
cial purposes. This protein is now being evaluated as a
bone-graft substitute for the (reatment of nonunion frac-
tures, bone defect repairs, and spinal fusions [5-11]. In
order to use rhBMPs clinically, it is necessary to understand
how the molecular structure or bone-inducing activity of
BMPs may be modified during transportation, storage, and
intraoperative handling. In particular, the stabilization of
BMP-retaining devices, or the use of BMP-2 in combination
with heat-generaling bone cement. are two instances where
the stability of the protein would be challenged. Several
authors have described the heat resistance of natural crude
BMP extracted {rom the rat, rabbit, and human [12-16], but
there has been little work done to look at the effects of heat
on the stability and biological activity of thBMP-2. This
study describes how the biological activity and molecular
structure of rhBMP respond to varying degrees of heat
using in vivo and in vitro assay systems.

Materials and methods
Heat treatment of thBMP-2

rhBMP-2 was provided by Yamanouchi Pharmaceutical
(Tokyo, Japan) in a buffered solution (1 mg rthBMP-2/ml).
This was diluted 3-fold (15 saline containing 5pg rhBMP-
2) and heated at 50,70, 90, or 100"C for [Smin. or 1.2, 4, or
8h using a heat block (Dry Thermo Unit. Taitec, Saitama,
Japan), or autoclaved at 120°C for [5min. The biological
activity of these heat-treated thBMP-2 samples was then
evaluated i in vitro and in vivo experiments to examine



changes in the biological activities of the thBMP-2, As a
control, rhBMP-2 that had not been exposed to heat was
used in the assays.

Cell culture

A mouse osteoblastic cell line MC3T3-E1 was obtained
from the RTKEN Cell Bank (Tsukuba Science City, Japan).
These cells were seeded at a cell density of 3 x 10° cells/
100-mm plastic dish and cultured with o-minimal essential
medium (Gibco, Grand Tsland, NY, USA) supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum
(Gibeo) at 37°C in an incubator with 95% humidified air
and 5% CO,.

Induction of alkaline phosphatase (ALP) by thBMP-2

The biological activity of the thBMP-2 was assayed based
on the observation that BMP is capable of inducing expres-
sion of ALP in a dose-dependent manner. ALP activity is
an ecarly marker of osteoblastic differentiation [17]. The
rthBMP-2 samples, heated as described above, were added
to the MC3T3-E1 cells at a final concentration of 100ng/ml.
After 48h, the osteoblastic cells were washed twice with
phosphate-buffered saline, scraped from each well into
0.3ml 0.5% NP-40 containing 1mM MgCl, and 10mM Tris
(pH 7.5), and sonicated twice for 20s with a sonicator
(model W-220; Wakenyaku. Kyoto, Japan). The cell lysates
were then centrifuged for 10min at 3000 r.p.m., and the
supernatants were used for the enzyme assay. ALP activity
was assayed using the method of Kind-King [18] and a test
kit (Alkaline Phospha K, Wako Pure Chemical Industries.
Osaka, Japan) with phenylphosphate as a substrate.

The enzyme activity was expressed in King-Armstrong
(K-A) units normalized to the protein content of the
sample. The protein content was determined with a
bicinchoninic acid protein assay kit (Pierce Chemical.
Rockford, IT., USA} using bovine serum albumin as the
standard. Each heat-treated rhBMP sample was measured
in three separate dishes, and the ALP activity from each
group was expressed as mean + SD.

Preparation of BMP-containing collagen disks

In order to evaluate the influence of healing on the bone-
inducing activities of the thBMP-2, a classical in vivo experi-
mental system of ectopic bone induction in mice was
utilized. In this system, BMP was combined with collagen
and implanted into muscle. whereupon an ectopic ossicle
was elicited if the BMP was biologically active. In order o
deliver the BMP, commercially available porous collagen
sheets made from bovine Achilles tendon (Helistat Tntegra
Life Sciences, Plainsboro, NI, USA) were cut into round
strips (6mm in diameler, | mm thick). soaked in the sample
solutions containing 5pg of either the heated or nonheated
control rhBMP-2, freeze-dried. and stocked at =207C unuil
implantation into mice.,

Assay for the bone-inducing activities of
heat-treated rhBMP-2

One hundred and seventy-six male ddY mice, 5 weeks of
age, were purchased from Nippon SI1.C Co. (Shizuoka,
Japan). The mice were housed in cages with free access to
food and water for 1 week before the start of the experi-
ment. Prior to surgery for implantation of the collagen/
rhBMP-2 composite collagen disks, the mice were anesthe-
tized with diethylether, The BMP-retaining pellets were
implanted into the left dorsal muscle pouches (one pellet
per animal). Twenty-(wo groups of mice (8 mice in each
group) were implanted with collagen disks containing Sug
rhBMP-2 that had never been heated (control), or heated at
50, 70. 90, or 100°C for [5min, or for 1, 2, 4, or 8h, or
autoclaved at 120°C for 15min. The mice were fed for 3
weeks and then killed. The implants were harvested and
examined for ectopic new bone formation in situ by radio-
graphic and histological methods. X-rays of the harvested
tissues were taken with a soft X-ray apparatus (Sofron Co.,
Tokyo, Japan). In order to quantify the cctopically induced
bony mass, the bone mineral content (BMC, mg) of each
ossicle was measured by single-energy X-ray absorptio-
metry using a bone mineral analyzer (DCS-600; Aloka
Tokyo. Japan). For the histology, the harvested tissue mass
from each group was fixed in necutralized 10% formalin,
defatted in chloroform, decalcified with 10% ethylenedi-
amine letraacetic acid, and embedded in paraffin wax.
Sections of Sum thickness were cut, stained with
hematoxylin—eosin, and observed under a light microscope.

All procedures for the animal experiments were carried
out in compliance with the guidelines of the Institutional
Animal Care Committee of Shinshu University.

Sodium dodecyl sulfate-polyacrylamide gel
clectrophoresis (SDS-PAGT)

In order to examine the effects of heat on the rhBMP-2
molecules, heated or nonhealed samples of the protein
were electrophoresed on a SDS-PAGE slab gel, Five micro-
grams of nonheated rthBMP-2 or protein heated at Y0°C
on a heatl block or at 120°C’ in an autoclave for 2h were
dissolved into 20l sample buffer solution (0.5uM. pI16.8
Tris-HCE buffer solution/0.2% SDS/10% glycerol/0.01 %
bromophenol blue) with or without 100mM dithiothreitol
(DTT, a disulfide-bond reducing agent) and boiled for
Smin. Each sample was run on a SDS gel at 40mA for
60min. The gel was then stained with Comassie brilliant
blue and destained in 10% acelic acid solution.

Stalistical analysis

Quantitative data were expressed as the mean + SD. Differ-
ences between control and experimental groups were con-
sidered to be stalistically significant at P < 0.05 using the
Kruskal Wallis 77-test with Bonferroni correction,
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Fig. 2. Soft X-ray photograph
of an ossicle formed at 3 weeks
after implantation. A typical
implant from each group is
shown. Scale bar = 6. There
is no dilference in the trabecu-
lar pattern within ossicles from
each group. However, a
reduction in size was observed
over 90°C in a time-dependent
manner. In the groups heated at
1007 C* for 4h, at 100°C for Sh,
and at 120°C for 15min, there
was no firm mass around the
implant location. Thus, we
decided not Lo cotlect tissues
from these aveas for further
analysis (softex and bone
mineral content)
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Results

Fiffects on AT P expression by heated rhBMP-2

Figure 1 shows the effects of the heat treatment on the
ALP-inducing activity of rhBMP-2 in MC3T3-El cells.
ALP-inducing activity was preserved al 50°C even after the
thBMP-2 was heated at this temperature for 8h. A notable
reduction in the ATP-inducing activity of thBMP-2 was
secn using protein samples heated at 70°C for Sh. At 90°(Y,
a significant reduction of activity was noted by heating
for Ih or more in a time dependent manner. By heating

e
&
B
15m 1h 2h 4h 8h 15m 1th 2h 4h 8h 15m 1lh 2h 4h 8h 15m
70°C 90°C 100°C 120°C
ih 2h 4h 8h control

at 100°C, the time-dependent reduction was profound.
The ALP-inducing activity was reduced to less than 1 unit/
myg protein when the rthBMP-2 was heated at 120°C for
15min.

Change in the bone-inducing activity of rthBMP-2
by heating

Figure 2 shows representative ossicles elicited in mice
within a 3-week period by implanting collagen disks impreg-
nated with S5pg rhBMP-2 heated at 30, 70, 90. ot 100°C lor
15min. or for 1. 2. 4. or 8h. Ossicle size tended to become
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Fig. 3. The bone mineral content (BMC) of the tissaes harvested at 3
weeks after surgery. Data are means £ SD of 8 samples. A significant
difference from the control is indicated as * (P < 0.05). There was no
significant difference between (he BMC of the 50°C and 70°C groups
and the control group. However, the mean BMCs of groups heated at
90°C for 2, 4, or 8h and the one heated at 1007C for 1, or 2h (P < 0.01)
were significantly lower than that found in the control group. In the
groups heated at 100°C for4h, at 100°C for 8h.and at 120°C for {5min,
we found no evidence of new ectlopic bone formation. as described in
the legend to Fig. 2

small when the rhBMP-2 was (reated at Y0-C for 2h or
more. After treatment for more than 4h at (00°C or for
15min at 120°C, the bone-inducing activity of thBMP-2 was
lost.

Figure 3 shows the mean BMC values of the ossicles
from each of the groups. The mean (zSD) BMC of the
control group was 12.2 * 3.56mg. In the group treated at
50°C for 8h, the mean BMC was 11.2 £ 2.8l mg, which was
not significantly lower than that of the controls. In the group
with protein heated at 70°C, the mean BMC in the group
treated at 70°C for 15min was 12.2 + 3.45mg. The BMC in
the 70°C" group showed a downward trend, but no statisti-
cally significant difference was observed when compared
with the control group. Similarly, in the group using protein
heated at 90°C, the BMC of the harvested ossicles de-
creased with an extension of the heating time. The BMC of
ossicles from the groups treated at 90°C for [5min or 90°C
for Lh were not significantly different from those of the
control group. However, the mean BMC values of the
groups treated at 90°C for 2h (848 + 1.68mg), at 90°C for
4h {6.98 + 1.06mg), or at 90°C for 8h (4.26 £ 0.53 mg) were
significantly reduced when compared with those of the con-
trol group (P < (.01). Again, in the group treated at 100°C
for 15min, the BMC was less than that of the controls.
although there was no significant difference between the
values, The mean BMC of the groups treated at {00°C
for Th (6.96 = 1.71mg) or at 100°C for 21 (2.80 £ 0.99mg)
were significantly lower than those {rom the control group
(P < 0.01).

Histological analysis of the ossicles from all groups re-
vealed normal bone histology with hematopoietic marrow
and bony trabeculae (Fig. 4).

Fig. 4. Photomicrograph of the tissuc harvested at 3 weeks after im-
plantation (heated to 50°C for Sh) (H&E, x200). Normal bone histol-
ogy with hematopoietic marrow and bony trabeculae was observed

Changes in the SDS-PAGE profile of rhBMP-2
by heating

The SDS-PAGE profiles of thBMP-2 before and after heat-
ing at 90 or 120°C are shown in Fig. 5. The original rhBMP-
2 showed three dark bands at around 30-k Daltons (kD)
and two light bands below 20kD without DTT (lane 1).
With DTT, the 30-kD bands became lighter and the lower
molecular-sized bands became darker (lane 4). By heating
at 90°C" for 2h, in the absence of DTT the 30-kD bands
becaine a little indistinet and two lower sized bands disap-
peared (lane 2). and with DTT the 30-kD bands became
lighter and the lower bands became darker (lane 5). By
heating at 120°C for 2D, in the absence of DTT the 30-kD
bands remained although the three bands became indistinct
(lane 3), and with DTT both of the 30-kD bands and the
lower bands were lost (lane 6).

Discussion

BMPs (BMP-2, BMP-7) with potent bone-inducing activity
have been successfully produced and developed for clinical
use through DNA recombinant technology. Examples of
clinical applications include the repair of damaged bone,
the reconstruction of bone defects resulting from trauma,
and resection of bone tumors. In terms of a successful clini-
cal outcome, the bone-inducing activity of thBMP-2 must
be able to withstand the conditions associated with (rans-
portation and storage. [n addition, rthBMP has o survive
sterilization and the high (emperatures encountered when
implants are used in close contact with curing boue cement.
Previous studies have qualitatively described the stable
character of natural BMP based on the ability of crude
insoluble BMP-retaining decalcified bone matyix to induce
ectopic new bone. Nakanishi et al. [12] reported that rabbit
bone derived BMP extracts elicited ectopic bone after
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Fig. 5. SDS-PAGE protiles of thBMP-2 before (lane 1) and alter (lane
2) heating at 90°C and at 120°C (June 3) tor 2h. Lunes 4, 5, and 6 show
the respective sarnples under reducing conditions in the presence of
dithiothreital (DTT, a disulide-bond reducing agent). The original
rhBMP-2 showed three dark bands at around 30k Daltons (kD) and
two light bands below 20kD without DTT (lane /). With DTT, bands
at 30kD became lighter and the Jower bands became darker (lane 4),
which indicates that the dimers were reduced to monomers. By heating
at 90°C for 2h in the absence of DTT, the major 30-kT) hands became
a little indistinet, and the two lower-sized bands disappeared (lune 2).
With DTT, bands at 30kD became lighter and the lower bands became
darker (Jane 5). indicating that the bands at 30kD without DTT main-
tained a dimeric structure. By heating at 120°C for 2 h, the original size
of rhBMP-2 was maintained, although the three distinet bands were
tost (lane 3). With DTT, both of the original 30-kD bands and those
lower molecular-sized bands were lost (lone 6). indicating complete
denaturation of the original configuration of the molecules

heating at 70°C for 10min. However, the bone-inducing
activity was lost when the sample was heated at over 100°C
for 20min. Some reports have also described similar
results using crude BMP extracts as the bone-inducer in
rodent models [13,14]. One report demonstrated that BMP
activity was retained in a rabbil model after heating the
matrix protein at 170°C for 10min or at 140°C for 30min
[15].

In this study, the bone mineral content of the thBMP-2-
induced ossicles was used to evaluate the bone-inducing
activity of the heat-treated rhBMP-2 in an in vivo system. In
addition. the ability of thBMP-2 (o induce ALP activity in
osteoblastic cells in culture was used as a model to confirm
the results from the in vivo experiments. The ALP-inducing
activity of the thBMP-2 was little affected by heat treatment
up to 70°C for 8h or up to 90°C for | h, but then decreased
gradually with increasing temperature and time. The ALP-
inducing activity was eventually lost after heating the
rhBMP-2 at 120°C, a (reatment that denatured the molecu-
lar structure of the rhBMP-2 as shown on a SDS-PAGE
profile. These results were in accordance with the in vivo
results, and suggest that thBMP-2 is largely stable in nature.
The use of autopolymerising polvmethylmethacrylate
(PMMA)-bascd bone cement is the most conunon method

chosen for prosthetic component fixation in total joint re-
placement surgery. During the polymerization of PMMA,
high peak temperatures are reached. The temperature peak
ranges from 48"C to 105°C at the bone-cement interface,
and from 80°C to 124°C in the cement. The exposure time
over 50°C is reported to be between 30 and 400s [19]. Thus,
the data from the present study suggest that contact with
curing bone cement would not affect the bone-inducing
activity of thBMP-2. Sterilizing by autoclave (120°C) would
effectively inactivate the biological action of this protein,
but sterilizing by ethylene oxide gas (60"C for 3h or 40¢C
for 6h) would not, as reported previously [20].

The heat-stable character of BMP may be derived from
ils molecular structure. Tt is known that the bioactive BMP-
2 molecule consists of a homodimer which is essential for
its biological activity. The homodimer consists of two 114
amino acid monomers with 7 cysteine residues that form
three intramolecular disulfide bonds, with one intermolecu-
lar disulfide bond forming a cysteine knot [21]. The heat-
resistant nature of the BMP might be explained by the
cysteine-knot formation, which is known to contribute to
the structural stability of the protein.

The biological activity of the rhBMP was reduced follow-
ing heat denaturation at 90"C for 2h as evaluated in an in
vivo assay system. and for 1h in an in vifro assay system. At
these higher temperatures, the reduction in thBMP-2 activ-
ity was temperature- and tume-dependent. In order to visu-
alize the heat-dependent changes in molecular structure,
changes in the SDS-PAGE gel profile after heating were
observed. As previously described, the rhBMP-2 molecule
has a molecular size of around 16kD with one N-
glycosylation site, and it forms a homodimer which has
biological activity [6-8.22]. Therefore, the three bands at
30kD in the control lane on the SDS-PAGE with no
disulfide bond reduction indicated dimeric BMP-2 mol-
ecules with 2, 1, or no sugar chains, respectively (see Fig. 5).
Further, the two faint bands below 20k were monomers
with or without glycosylation because of their similarity to
the molecular sizes of the DTT-reduced rhBMP-2 mono-
mer. By heating at 90°C for 2h, in the absence of DTT the
dimer bands became a little indistinet and the monomer
bands were lost, which indicated complete deformation of
the rhBMP-2 monomer. With DTT, the dimer bands be-
came lighter and the monomer bands became darker. These
changes most likely reflect partial deformation of the
original three-dimensional configuration of the rhBMP-2
dimers, which comresponds with the partial loss of bone
inducing activity. A higher temperature (120°C for 2h)
made the dimer bands more indistinet and eventually de-
graded the structure of the monomers, as seen on DTT-
reduced SDS-PAGE. with the resultant loss of biological
activity.

In conclusion, the biological activity and molecular struc-
ture of thBMP-2 were shown (o be fairly resistant to heat
treatment. In considering the potential clinical uses of
rhBMP-2, the stable character of the protein suggests that it
would not need (o be cooled during transportation or stor-
age. Tn addition. it was found that contact with heated
material such as curing bone cement would not affect the



bone-inducing activity of the rhBMP-2. However, the auto-
claving of rhBMP-2 causes this protein to lose its biological
activity based on the results of the present study.
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Abstract The formation of ectopic bone in muscle follow-
ing the implantation of decalcified bone matrix led to the
search and eventual discovery of bone morphogenetic
proteins (BMPs) in bone matrix. The precise sequence of
molecular events that underpin the cellular transformation
of undifferentiated mesenchymal cells into bone has not
been established, and is the subject of this study. Northern
and Western blot analyses were used to examine changes
in gene expression of cells treated with BMP-2 or -4. The
molecules, which included BMP receptors (BMPRs), Nog-
gin (a BMP-specific antagonist), osteocalcin (OC), Smad-4,
and MyoD, were examined at messenger RNA (mRNA)
and protein levels, The changes in expression of these mol-
ecules were followed in mouse muscle-derived primary cul-
ture cells, and osteoblastic or nonosteoblastic embryonic
cell lines. We show the early up-regulation of BMPR-1A,
-2, Noggin, OC, and Smad-4 in muscle-derived primary
culture cells in a dose-dependent manner in response to
BMP-2 or -4. MyoD expression was not detected after BMP
stimulation. The differential expression of these positive
and negative regulators of BMP signaling points to a poten-
tial regulatory mechanism for bone induction in mesenclhy-
mal cells.

Key words BMP signaling - Feedback - Mesenchymal cells -
Muscle - Up-regulation

introduction

Bone morphogeneltic proteins {BMPs) are multifunctional
cytokines belonging to the transforming growth factor-f
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(TGF-B) superfamily. Among the BMP family, BMP-2, -4,
and -7 {osteogenic protein-1) have been recognized as po-
tent bone inducers [1-3], and BMP-2 and -4 also play critical
roles in early embryogenesis and skeletal development [4].
Signaling by BMPs requires binding of the BMP (BMP-2,
-4, and -7) molecules to the BMP receptors (BMPRs),
which consist of two differeal types of serine-threonine ki-
nase receptors, known as BMP type 1| receptors (1A and
1B) and BMP type 2 receptor [5]. These receplors then
phosphorylate intracellular proteins such as the Smad-1
or -5 to effect intraceflular signaling and physiological re-
sponses [6-Y]. Therefore, BMPR expression is-a prerequi-
site for the biological action of the BMPs [1-5]. BMP action
may also be modulated by a group of BMP-binding proteins
outside the responding cells. Noggin is a representative
molecule with such a function, and is assumed to contribute
to the negative regulation of BMP action or bone formation
under physiological conditions [6-9].

Changes in expression of those molecules involved in
BMP signaling are critical to understanding the mechanism
of BMP-induced osteogenic differentiation and feedback
mechanisms following treatment with BMPs. We previously
examined an ectopic bone-forming model in mice [10],
and found that BMPR-1A, -2, and Noggin were induced
by BMP-2 in muscle tissues during the early phase of the
reaction. To confirm this mechanism in in vitro systems,
we used muscle-derived primary culture cells, and osteo-
blastic or non-osteoblastic embryonic cell lines were used as
controls.

Materials and methods

Recombinant humman BMP-2 (thBMP-2) and mouse
BMP-4 (mBMP-4)

thBMP-2 was produced by the Genetics Institute (Cam-
bridge, MA. USA) using DNA recombination techniques,
and donated to us through Yamanouchi Pharmaceutical
(Tokyo, Japan). as described elsewhere [11].



Conditioned media of mBMP-4-(ransfected Chinese
hamster ovary (CHO) cells (BMP-CHO) were the source of
mBMP-4. Details of the BMP-CHO cells have been de-
scribed previously [12,13]. Tn mBMP-4-conditioned media,
the alkaline phosphatase activity of the 10% conditioned
media corresponds to approximately 70ng/ml thBMP-2
[13]. The BMP-CHO cells transtected with mBMP-4 cDNA
or mock vector (for a control) were propagated at a density
of 1 x 10° cells/100-mm plastic dish (Falcon no. 3003; Becton
Dickinson Labware, Tokyo, Japan), and were then cultured
m 10ml Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-BRL., Grand Island. NY, USA) with 10% fetal calf
serum (FCS: Sigma Chemical, St. Louis. MO, USA) at 37°C
for 5 days. The conditioned media were collected after 5
days and stored at 4°C,

Cell culture

Muscle-derived primary culture cells were prepared from
the thigh muscles of newborn ddy mice (Nippon SLC,
Shizuoka, Japan), as described previously [14], and cul-
tured on a 100-mm plastic dish in DMEM conlaining
10% (vol/vol:v/v) heat-inactivated FCS and penicillin—
streptomycin  (PSM) antibiotic mixture (Invitrogen). A
murine osteoblastic cell line, MC3T3-El, and murine em-
bryonic fibroblast-like cell line, NIH3T3, were obtained
from the RTKEN Cell Bank (Tsukuba, Japan) and cultured
on a 100-mm plastic dish in ¢-minimal essential medium
(Gibco-BRL) and DMEM, respectively, containing 10% (v/
v) heat-inactivated FCS.

Experimental protocols

To examine the effects of rhBMP-2 and mBMP-4 on the
expression of BMPRs, Noggin, OC, Smad-4, and MyoD in
muscle-derived primary culture cells, and M(C3T3-E1 and
NIH3T3 cells, the culiure media were replaced with fresh
media containing thBMP-2 or mBMP-4 at various concen-
trations (0, (0, 100, 500, 1000, or [500ng/ml for rhBMP-2,
and 0%, 10%, 20%, 40%. 60%. or 80% conditioned
media for mBMP-4). The cells were cultured at 37°C in a
humidified 5% CO, incubator for a period of 6 days. with a
change of media on day 3. Cells cultivated for 0, 12, 24, 48,
72,96, 120, or 144h with each medium containing thBMP-2
(0. 10, 100, 500, 1000, or 1500 ng/ml) or mBMP-4 (0%, 10%.
20%, 40%, 60%, or 80%) were collected and processed for
Northeru blot analysis. Cells cultivated for 24, 48, 72, or
96h with each medium containing thBMP-2 (1000 or
1500ng/mly or mBMP-4 (60% or 80%) were collected and
processed for Western blot analysis. as described below.

RNA preparation and reverse transcriptase-polymerase
chain reaction (RT-PCR)

Total RNA from primary culture cells derived from embry-
onic mouse thigh muscle and MC3T3-E1 and NTH3T3 cells
was extracted using Isogen (Nippon Gene. Tokyo, Japan)
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according to the manufacturer’s instructions, After treating
with RNase-free deoxyribonucleases II (Gibco-BRL),
complementary DNA (cDNA) was synthesized using
an RNA polymerase chain reaction (PCR) kit (Takara
Shuzo, Ohtsu, Japan) according to the manufacturer’s
instructions, The reaction time was 30min at 42°C. Aliquots
of the ¢cDNA pool obtained were subjected to PCR and
amplified in a 26l reaction mixture using Tag polymerase
(Takara Shuzo). Amplifications were performed in a Pro-
gram Temp Control System (PC800; ASTEC, Fukuoka,
Japan) for 30 cycles after an initial denaturation step at
94*C for 3min, denaturation at 94°C for 30s, annealing for
30s at 60°C, and extension at 72°C for 90s, with a final
extension at 72°C’ for 10min, Reaction products were elec-
trophoresed in a 1.5% agarose gel, and the amplified DNA
fragments were visualized by ethidium bromide staining
under UV light. PCR products were subcloned and se-
quenced using a DNA sequencing kit {Applied Biosystems,
Warrington, UK). The primers of Noggin, Smad-4, OC, and
MyoDD for PCR were set as described previously [10,13,15].
The primers of BMPRs for PCR were set as follows:
BMPR-1A, 5 CTCATGTTCAAGGGCAG-3 (5 sense)
and 5-CCCCTGCTTGAGATACTC-3’ (3’ antisense; 346
362 and 850-833, respectively); BMPR-1B, - ATGTGGG
CACCAAGAAG-3 and 5-CTGCTCCAGCCCAATGC
T-3' (215-231 and 681-664. respectively); BMPR-2, 5-
GTGCCCTGGCTGCTATGG-3 and 5-TGCCGCCTC
CATCATGTT-3’ (47-64 and 592-575, respeclively). Nucle-
otide sequences of the ¢cDNA {ragments were checked
and found to be identical to mouse BMPRs (BMPR-1 A,
NM009758; BMPR-1B. NM007560; BMPR-2, NM007561).
The specificity of these cDNAs was confirmed by sequenc-
ing using an autosequence analyzer (ABI Prism 310 Genetic
Analyzer: Perkin-Elmer Japan, Tokyo, Japan).

Northern blot analysis

Twenty micrograms of total RNA were separated by
electrophoresis on a 1.0% agarose—formaldehyde gel and
blotted onto Hybond-N* membrane (Amersham Inil.,
Piscataway, NJ, UTSA) for Northern blotting. Filters were
hybridized overnight with random-primed [“P]-labeled
mouse BMPRs, Noggin, OC, Smad-4, and MyoD cDNA
fragment probes at 65°C for 3h in hybridization buffer
(SUmM Tris-HCI (pH 7.5), lmg/mi denatured salmon
sperm DNA 1% SDS, 1M NaClL 10mM EDTA, 0.2% Ficol
400, 0.2% polyvinylpyrolidone, and 02% bovine serum
albumin) and washed three times with 0.1 x SSC and
NaDodSO, for 11 at 68°C. The signals were detected by a
Biolmaging Analyzer BAS-1500 (Fuji Photo Film, Tokyo,
Japan). For reprobing, each hybridized probe was removed
by boiling the membrane in 0.5% SDS, and then sequen-
tially hybridized with the respective target probes.

Western blotting

Muscle-derived primary culture cells, MC3T3-E1 cells.
NITI3T3 cells. and mouse skeletal muscle tissue (as a posi-
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tive control) were homogenized and dissolved in (1.5ml
sample buffer (0.05M Tris-HCl (pH 6.8), 2% SDS, 6%
B-mercaptoethanol, and 10% glycerol) and centrifuged at
12000g for Smin at 4°C. The supernatant was used as the
sample, and the protein content of each sample was mea-
sured by UV assay at an OD of 280nm. Anti-mouse Noggin
antibody (R&D Systems, Minneapolis, MN. USA) was used
at fpg/ml. Polyclonal goat antibodies for BMPRs (Santa
Cruz, San Diego, CA, USA) were also used at a dilution of
Fug/ml. Aliquots of protein solution (5pl) were adjusted to
1 pg/ul, mixed with 1% BPB (1ul), and then boiled for 2min
and loaded onto each lane of SDS (10%-20% ) acrylamide
gradient gels (35mA, low voltage, 90min). After running
the gels, BMPR-1A. -1B, -2, and Noggin proteins in mouse
embryo muscle-derived cells, and MC3T3-El and NIH3T3
cells, and mouse skeletal muscle tissue were stained with
Coomassie brilliant blue (Sigma Chemical). The protein
bands were then transferred to polyvinylidene difluoride
membrane (Tmmunobilon-P Transtermembrane, Millipore,
Bedford. MA. USA) according to the manufacturer’s in-
structions. After treatment with Blocking Reagent (Nippon
Roche, Tokyo, Japan) for Th at room temperature, the
membranes were washed with PBS for 5min, and then
incubated for 1h with primary antibody (BMPRs, 1:200;
Noggin, 1:100). After two 5-min washes with PBS, the
membranes were incubated with peroxidase-conjugated
rabbit anti-goat antibody (1:50; Histofine, Nichirei. Tokyo,
Japan) for 1h. After two further 5-min washes with PBS,
the immunoblot was developed using an ImmunoStar Kit
for Rabbit (Wako Pure Chemical Industries. Tokyo. Tapan)
to detect biotin and chemiluminescence.

Results
Expression level of messenger RNA (inRNA)

The increase in transcription of BMPR-1 A, -2, Noggin, OC,
and Smad-4 appeared to be dose-dependent. The expres-
sion pattern of these molecules in muscle-derived primary
cultare cells after 24h stimulation by rh-BMP-2 or mBMP-
4 is shown in Fig. 1. When we performed Northern blotting
on all cell sources using 0, 10, 100, 500, 1000, and 1500 ng/ml
doses of thBMP-2. or 0%, 10%, 20%, 40%, 60%, and 80%
doses of mBMP-4, the gene expression levels of these mol-
ecules were the similar at the following doses: thBMP-2
(1000ng/ml), rhBMP-2 (1500ng/ml), or mBMP-4 (60%)
and mBMP-4 (80%). Therefore, the expression of BMPR-
1A, -2, Noggin, OC, and Smad-4 appeared to reach a pla-
teau at the 1000 ng/ml dose of rhBMP-2 and 60% mBMP-4.
The mRNA expression of these molecules was readily de-
tected at the 10ng/ml dose of rhBMP-2 and 10% mBMP-4
(Figs. 1 and 2).

The expression levels of BMPR-2 and Noggin mRNA
were sharply elevated on day |, and then decreased gradu-
ally in the muscle-derived primary culture cells at all
concentrations. Representative expression patlerns using
rthBMP-2 (100ng/ml) or nBMP-4 (20%) are shown in Figs.

3A and 4A. BMPR-1A transcription was also elevated on
day 1, but at lower levels when compared with BMPR-2 at
all concentrations (Figs. 3 and 4).

Similar patterns for BMPR-1A, -2, and Noggin were
observed in MC3T3-El and NIH3T3 cell lines, but to a
much lower degree than that seen in the muscle-derived
primary culture cells at all concentrations. The typical ex-
pression figures using rhBMP-2 (1000ng/ml) or mBMP-4
(60%) m MC3T3-E1 and NTH3T3 cell lines are shown in
Figs. 5-8. BMPR-1B expression was not detected by
Northern blotting before or after BMP stimulation in any
cell sources examined, or in OC later on day 4. The Smad-
4 mRNA level gradually increased, and reached a plateau
from day 2 (Figs. 5-8).

MyoDD mRNA expression was detected without BMP-2
or -4 exposure throughout the experimental period. A typi-
cal figure in which muscle-derived primary culture cells
were stimulated by BMP-2 or -4 after 24 h is shown in Fig.
9A or 9B.

Protein expression levels

Western blotting on the muscle-derived primary culture
cells using either 1000 or 1500ng/ml doses of rhBMP-2, or
60% or 80% of mBMP-4, revealed that the protein expres-
sion levels of BMPR-1A, -2, and Noggin were the same
at the 1000ng/ml and 1500ng/ml doses of thBMP-2, and
at 60% or 80% concentrations of mBMP-4. Therefore,
rhBMP-2 (1000ng/ml) or mBMP-4 (60%) was used for al]
subsequent studies of protein expression levels in the
muscle-derived primary culture cells (Fig. [0). We did not
perform Western blotting on MC3T3-El and NIH3T3 cell
lines because of the weak expression revealed by Northern
blotting.

The translational expression levels of BMPR-1A, -2, and
Noggin were enhanced on day 2 and then decreased gradu-
ally in the muscle-derived primary culture cells. BMPR-1B
expression was not detectable by Western blotting before or
after BMP stimulation in the muscle-derived primary cul-
ture cell (Fig. 10).

Discussion

This study showed increased transeriplion and translation
of BMPR-1A, -2, and Noggin and increased transcription of
OC and Smad-4 in response to tThBMP-2 or mBMP-4 in
muscle-derived primary culture cells. Clearly. the muscle-
derived primary culture cells are capable of responding to
changes in the external concentrations of the bone growth
factors. Induction of BMPR-1A and -2 following exposure
to BMPs poinfs to the activation of a receptor-mediated
pathway to effect intracellular signaling by these molecules.
Although the reason for the predominant induction of
BMPR-2 among BMPRs is unknown at present, it is pos-
sible that an increased number of BMPR-2 molecules with
a high affinity for BMP might allow greater capture of this
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Fig. L. Gene expression level of BMPR-{A, -1B. -2, Noggin, OC, and
Smad-4 atter 24-h stimulation of thBMP-2 (0, 10, 100. 500, 1000ng/ml)
n muscle-derived primary culture cells by Northern blot analysis (A)
and quantitation of the data of Northern blot analysis by Densitometry
(B) G3PDH mRNA levels (the boncms of all lanes ave GIPDIH)
obtained by Nurthern blotting were used for nonmalization (A). The
score on hour 0 (just alter BMP stimulation) was used as a standard
() BMPR-1A, -2, Noggin, OC. and Smad-4 were up-regulated dose-
dependently. No increase in BMPR-1B expression was observed dur-
ing the course of the study. The expression levels of these molecules
were almost the same using 1000ng/ml and 1500ng/mt rhBMP-2
(1500 ng/ul vhBMP-2 data not shown in Fig 1A)

ligand and subsequent activation of BMPR-1A for en-
hanced transduction of the BMP signal into cells.

We have observed that expression of BMPR-1 A and -2 is
significantly increased during the early phase of ectopic
bone formation following the implantation of thBMP-2 into
the back muscles of adult mice [10]. Based on these data
from in vivo and in vitro studies, the activation of BMPR-
LA after BMPR-2 might be a key event following BMP
stimulation of muscle tissue. BMPR-1A. -2, and Noggin
were induced in MC3T3-F 1 and NTHAT3 cell lines. but to a
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Fig. 2. Gene expression tevel of BMPR-1A| -1B. -2, Noggin, OC, and
Smiad-4 after 24-h stimulation of mBMP-4 [0%. 10%, 20%, 40%,, and
60% (v/v) condiioned media] in muscle-derived primary culture cells
by Northern blot analysis (A) and quaatitation of the data of Northern
blotanalysis by Densitometry (B). G3PDH mRNA levels (the bortoms
of all lanes are GIPDH) obtained by Northern blotting were used for
normalizatuon {A). The score on hour 0 (just after BMP stumulation)
wus used as a standard (B) The gene expression pattern of the mol-
ecules after sumulation of mBMP-4 was simitar 10 that observed after
stimulation of thBMP-2. The expression levels of these molecules were
almost the same using 60% and 80% mBMP-4. (80% mBMP-4 dala not
shown in Fig 2A)

much lesser degree than that seen in the muscle-derived
primary culture cells used in this sludy.

A specific role of BMPR-1B in skeletal development has
been proposed based on the abnormal interphalangeal joint
formation in an animal with a null mutation in this receptor.
However. the expression of BMPR-{B appeared to be lim-
ited in the muscle-derived primary culture cells and the
osteoblastic or nonusteoblastic embryonic cell fines, even
alter exposure to BMPs [16-19]. The lack of expression of
BMPR-IB was in accordance with vesults in a previous
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Fig. 3. Gene expression of BMPR-1A, -1B, -2, OC, and Smad-4 for 0,
24,48, 72, and 96h and Noggin for 0, 12, 24,48, and 72 h after 100 ng/mi
rhBMP-2 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern blot
analysis by Densitometry (B). G3PDH mRNA levels (the bouoms of
all lanes ave G3PD) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). After rhBMP-2 stimulation, OC was up-
regulated time-dependently. Noggin level peaked at 24h, Expression
of BMPR-1A and -2 was increased moderately after 24h, then
gradually decreased thereafter. Smad-4 was gradually and weakly up-
regulated after stimulation, BMPR-1B was not increased during the
experimental period

veport using the pluripotent C2C12 cell line, and another
study that revealed predominant expression of BMPR-1B
in brain and not skeleton [20].

The induction of Noggin gene expression in cells of the
osteoblastic lineage following exposure to thBMP-2, and in
fetal rat limb explants by BMP-7. has been reported [21.22].
In this study, Noggin gene expression was also confirmed
in muscle-derived primary culture cells. an osteablastic
cell lime (MC3T3-[F 1), and a nonosteoblastic, embryonic
fibroblast-tike cefl line (NTH3T3) [16.23.24]. As Noggin is a
representative antagonist of BMP action. the expression of
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Fig. 4. Gene expression of BMPR-1A| -1B. -2, OC, and Smad-4 for (1.
24, 48. 72, and 96h and Noggin for 0, 12, 24, 48, and 72h after 20%
mBMP-4 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern hlot
analysis by Densitometry (B). G3PDH mRNA levels (the botoms of
all lanes are G3PDH) obtained by Northern blotting were used (or
normalization (A). The score on hour 0 (just alter BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
cceules after stimulation of mBMP-4 (20%) was similar to thal scen
after stimulation of 100ng/mi rhABMP-2

Noggin might act as a negative regulator of the BMP-
induced cellular reactions, and consequently reduce the sus-
ceptibility of the cells to BMPs.

Three classes of Smads, termed receplor-activated
Smads (R-Smads). common Smads (Co-Smads), and inhi-
bitory Smads (I-Smads), have been identified in mam-
mals. Simadsl, 5, and 8 are R-Smads that primarily mediate
BMP signaling from the receptors to the nucleus [16.23].
Therefore, the up-regulation of Smad-4, which is a repre-
sentative BMP signaling Co-Smad, in a4 time- or dose-
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Fig. 5. Gene expression of BMPR-1A 1B, -2, :ind Noggin for 0, 24, 48,
72, and Y6h after 1000ug/ml rhBMP-2 stimulation in MC3T3-E1 cell
line by Northern blot analysis (A) and quantitation of the data of
Naorthern blot analysis by Densitometry (B). G3PDH mRNA levels
(the bottomns of all lnes ave G3PDH) obtained by Northern blotting
were used for normalization (A). The score on hour 0 (just after BMP
stimulation) was used as a standard (B). BMPR-1 A and -2 were weakly
induced after thBMP-2 stimulation, peaked at 24h. then decreased
gradually, Noggin was also moderately induced after stimulation
showed maximal expression at 24, then decreased thereafter. BMPR-
1B was nol induced during the course of the reaction

dependent manner suggests that BMP signaling in muscle
tissue is regulated in a coordinated manner, OC is a well-
characterized osteoblast differentiation marker, and MyoD
15 also a good marker for myoblastic differentiation [26].
Although the expression of MyoD was not detected in
this study, the expression of OC was enhanced on day 2
after BMP-2 or -4 stimulation. These results indicate that
BMP-induced osteogenic differentiation in muscle tissue
might occur through a BMP/Smad signaling pathway. and
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Fig. 6. Gene expression of BMPR-1A,-1B. -2, and Noggin for (), 24, 48,
72, and 96 h after mBMP-4 (20%) stimulation in MC3T3-E 1 cell line by
Northern blot analysis (A) and quanutation of the data of Northern
blot analysis by Densitometry (B). GIPDH mRNA levels (the bottoins
of all lanes ave GAPDH) obtained by Northern blotting were used for
normalization {A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules alter stimulation of mBMP-4 (20%) was similar to that seen
afler sumulation of 1000ng/ml thBMP-2, but the expression levels with
mBMP-4 (20%) were smaller than those with 1000ng/ml rhBMP-2

muscle-derived primary culture cells might lose the muscle
phenotype after BMP exposure.

The expression profiles were much more prominent for
primary undifferentiated mesenchymal cells derived from
muscle than for MC3T3-E1 or NTH3T3 cells in this study.
Muscle-derived primary culture cells include a large popu-
lation of undifferentiated mesenchymal cells, as described
elsewhere [14]. Clearly. undifferentiated mesenchymal cells
in muscle tssue are highly responsive to BMPs. based on
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Fig. 7. Gene expression of BMPR-1A, - 1B, -2, and Noggin for 0, 24, 48,
72, and 96h after 1000ng/ml rhBMP-2 stivaulation in NTH3T3 cell line
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lunes ave G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was wsed as a standard (B). BMPR-1LA and -2 were weakly induced
alter thBMP-2 stimulalion, peaked at 24h, then decreased gradually,
Noggin was moderately induced after stimulation showed maximal
expression at 24h. then decreased therealler

the changes in gene and protein expression levels observed
in this study. The proliferation and differentiation of osteo-
blasts from osteoprogenitor cells in murine bone marrow
cultures induced by BMP-2 or -4 have been reported
[27.28]. However, there have been few reports using
muscle-derived primary culture cells with BMPs. In this
study, the expression of BMP-related molecules was exam-
ined using undifferentiated meseuchymal cells derived from
mouse muscle tissue.
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Fig. 8. Gene expression of BMPR-1 A, -1B, -2, aud Noggin for 0, 24, 48,
72, and 96 after mBMP-4 (20%) stimulation in NTH3T3 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the botoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just alter BMP stimulation)
was used as a standard (B). BMPR-1A and -2 were weakly induced
after rhBMP-2 stimulation, peaked at 24h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression al 24h, then decreased thereafter. BMPR-IB was not
induced in all experimental stages. In NIH3T3 cells, the expression
paltern was similar o that observed in the MC3IT3-El culture
experiments. Expression levels were greater in NIH3T3 cells (han in
MC3T3-E1 cells

The majority of undifferentiated mesenchymal cells in
muscle-derived primary culture cells showed a fibroblastic
appearance. These cells are considered to be heterogenous,
and contain some kinds of precursor cells such as bone,
cartilage. and muscle. They differentiate imto each pheno-
type when they are placed in cach ditferentiation condition,
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Fig. 9. The expression of MyoD in muscle-derived primary culture
cells by Northern blot analyses. G3PDH mRNA levels obtained by
Northern blotting were used for normalization. The expression of
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MyoD mRNA was not detected after BMP-2 or -4 exposure, and the
expression was detected only at O and 24h, and not after 24h BMP
stimulation
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Fig, 10. Western blot analysis of BMPR-1A.-1B, -2, and Noggin after
60% mBMP-4 or 1000ng/ml thBMP-2 stimutation in muscle-derived
primary culture cells. Equivalent loading and integrity of protein were
confirmed by Coomassic brilliant blue staining on the gel (low er panel).
Mouse skeletal muscle proteins were used as positive controls. BMPR-
LA and -2 weve detected at Oh, induced at 24 h, peaked at48h. and then

In our study. BMPs stimulated them to upregulate the ex-
pressions of a bone nraker (OC) and cartilage markers
(type TT collagen and aggrecan, data not shown). but not the
muscle marker examined previously. However. it is unclear

BMPR-2 WITH mBMP-4 6D ¥

ThBMP-2 100082/ ML

BMPR-1A WITH mBMP-4 60 %

rhBI4P-2 1000NG /34

BMPRHIBWITHmBMP4 6D %

rhBMP-2 1000NG/ML

NOGGIN WITH =BMP-4 60 %

hiBMP-2 1000MG /ML
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pradually decreased in both 60% mBMP-4 and 1000ng/ml rhBMP-2
stimulation groups. Expression was greater far BMPR-2 than for
BMPR-1A. BMPR-1B was not detectable during any stages in either
treatment group. Noggin was not detected at (Oh, was up-regulated at
244, peaked at 48N, and decreased thercafter

whether bone and cartilage phenotypes were induced by
BMPs in sepurate cells or in a single cell.

To further understand the potential autoregulatory
mechanism in response to BMP, further gene expression
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studies will be necessary. Ultimately, this knowledge may
provide new approaches to the regulation of local and sys-
temic bone formation,
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