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FIG.3. The osteoblastic differentiation in constitutively active (CA) and dominant-negative (DN) MEK-1 stable transfectants. (A} Immunoblot
analyses of expression of HA-tagged mutant MEK-1 and phospherylation level of MAPK in parent C2C12 cells, mock, DN, and CA transfectants.
(B) Parental C2C12 cells (2) and mock transfectant (b) were polygonal shaped. DN transfectant (¢ and d) spread in low cell density and showed
a fibroblastic shape in high cell density. CA transfectants (e and f) showed a spindle shape and were rounded. Cells were cultured in the DMEM
containing 10% FBS (bar = 50 pm). (C) DN transfectants showed higher ALP activity than mock ene. Both CA1 and -2 transfectants represented
little ALP activity even in the presence of 300 ng/ml of thBMP-2, Cells were cultwred for 3 days. (D) OCN secretion from DN transfectants was
decreased significantly compared with the mock transfectant. Data were shown as mean * SD of three independent experiments (*p < 0.05; 1p <

0.01; #p < 0.005 compared with mock transfectant).

transfectants represented little ALP activity even in the
presence of 300 ng/m! of rhBMP-2 (Fig. 3C).

Both mock and DN transfectants produced QCN into the
culture media by stimulation with 300 ng/ml of rhBMP-2;
OCN secretion from DN transfectants was decreased 33%
in DN1 and 21% in DN2, as much as that of mock (Fig. 3D}.
CA transfectants did not secrete detectable OCN into the
culture media (data not shown). These results were consis-
tent with those using the MEK-1 inhibitor (Fig. 2).

Effects of the MEK-1 inhibitor on the ostecblastic
differentiation of MC3T3-El preostecblastic cells

Next, we examined the effects of the MEK-1 inhibitor on
MC3T3-El preosteoblastic cells.

The phosphorylation of MAPK was also reduced by
PD98059 in MC3T3-El preosteoblastic cells in its dose-
dependent fashion (79.5 + 11.6% to 54.8 £ 6.99% at 0 to
100 pM; Fig. 4A).

ALP activity was increased by the treatment with
PD92059 in the absence or presence of 50 ng/ml of

rhBMP-2 (Fig. 4B). More than 10 uM of MEK-1 inhibitor
significantly promoted ALP activity in MC3T3-El cells
compared with that in the absence of MEK-1 inhibitor. The
treatment with 25 uM of PD98059 increased ALP mRNA
expression in the absence (data not shown) or presence of
thBMP-2 (Fig. 4D, left graph).

In contrast to the results using C2C12 cells, PD98059
enhanced OCN secretion from MC3T3-El cells in its dose-
dependent fashion and peaked at 50 M (0-50 pM; Fig.
4C). However, its secretion was reduced by the treatment
with 100 uM of PD98059. This reduction might be caused
by the cellular toxicity of this MEK-1 inhibitor. The in-
crease of OCN mRNA expression was checked by RNA
blot and OCN expression was consistent with its secretion
between day 4 and 6 by the treatment with PD98059 (Fig.
4D, right graph and panels).

Calcium content of mineralized nodules was lncre'ased
by the treatment with 25 uM of MEK-I inhibitor.
Twenty-five micromolars of PD98059 and 50 ng/m! of
rhBMP-2 synergistically increased calcium content by
9.4-fold (Fig. 4 E).
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FIG.4. Effects of the MEK-1 inhibitor on the osteoblastic differentiation in MC3T3-E| preosteoblasts. (A) Phosphorylation level of MAPK was
inhibited by PD98039 in a dose-dependent manner, (B) More than 10 uM of PD98059 promoted ALP activity in MC3T3-E| cells in the absence
or presence of 50 ng/ml of thBMP-2. ALP activity was measured using p-nitrophenylphosphate as a substrate. Cells were cultured in a-MEM for
3 days. (Cy OCN secretion between day 4 and 6 also was increased by treatment with the MEK-1 inhibitor in a dose-dependent fashion and peaked
at 50 uM. Cells were cultured for 6 days. (D) mRNA levels of ALP and OCN stimulated with 50 ng/ml of thBMP-2 were assayed by RNA blot
analysis. Transcriptional leve] of OCN was increased after the culture for both 3 days and 6 days. The same amount ([0 gg) of total RNA was
applied to each lane. (E) MEK-1 inhibitor significantly promoted bone mineralization in the absence or presence of 50 ng/ml of rhBMP-2. Data
are mean * SD of three independent experiments (*p << (.05 compared with the PD98059-untreated control).

DISCUSSION

Murine C2CI2 cells represented myogenic differentiation
under low-serum (5%) condition.™ It also has been re-
ported that the same cells were converted from myogenic
differentiation into osteoblastic differentiation by stimula-
tion with thBMP-2 in the low-serum (5%) culture me-
dia®*?® and adipogenesis by thiazolidinediones or fatty
acids.?™*® Here, we found osteoblastic differentiation of
these cells by stimulation with rhBMP-2 even in the pres-
ence of 10% FBS, which is usually used for maintaining
these cells as undifferentiation status. Therefore, we con-
sidered these cells as pluripotent mesenchymal stem cells
and a model for osteoblastic differentiation by stimulation
with BMP-2. MC3T3-El cells are thought to be committed
to osteoblastic linecage. They were used as mesenchymal
cells that were more differentiated into osteoblasts than
C2C12 cells.

Then, we screened the small molecule compounds, espe-
cially kinase inhibitors, to stimulate osleogenesis in vitro.
ALP activity of thBMP-treated C2C12 cells and MC3T3-El
cells was used as a marker for our screening. We picked up
an MEK-I inhibitor as a candidate for this condition. An-

other candidate we found was a Rho kinase inhibitor,
Y-27632 (Yoshikawa H, Yoshioka K, Itoh K, submitted,
2002). In contrast, SB203580 p38 MAPK inhibitor did not
promote and even inhibit the osteoblastic differentiation. In
this report, we focused on the MEK-| inhibitor PD98059.

Our present data summarized the following four results.
First, MAPK signaling pathway was involved in the initia-
tion of the differentiation of mesenchymal cells. MEK-1
inhibition stimulated myogenic differentiation of C2C12
cells even in the presence of 10% FBS when the cells were
not committed to osteoblastic lineage by BMP-2, while it
promoted the osteoblastic differentiation of BMP-2—
stimulated C2C12 cell and MC3T3-E| cells when commit-
ted to osteoblastic lineage. In addition, both myogenic and
osteoblastic differentiation of C2C12 cells were shut down
by the expression of continuous activation of MEK-} (Fig.
3C; data not shown). Bennet et al.”™ reported that early
myogenic differentiation was inhibited by overexpression of
MAPK phosphatase | in C2Ci2 cells and they suggested
that inactivation of MAPK might be required for C2C12
myoblasts to initiate myogenesis. Our results were consis-
tent with their report and the inactivation of MAPK might
be required for these cells to initiate the osteoblastic differ-
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entiation by BMP-2. MEK-1 inhibitor is thought to be an
igfiator or a promoter of the early stage differentiation of
mesenchymal cells.

Second, investigating the osteoblastic differentiation of
two cell lines in detail, ALP activity was increasing by the
inhibition of MEK-1 activity in both C2C12 pluripotent
mesenchymal cells treated with thBMP-2 and MC3T3-E|
preosteablastic cells with or without thBMP-2 treatment.
mRNA expression of type 1 collagen also was increasing by
treatment with PD98059 (data not shown). Because ALP
and type 1 collagen are used as early osteoblastic differen-
tiation markers, these results indicated that MEK-1 inhibi-
tion promoted early osteoblastic differentiation in mesen-
chymal cells of both pluripotency and commitment into
osteoblastic lineage. We speculate that two possibilities
account for the reason for increase in ALP activity and type
I collagen expression by MEK-1 inhibition. One idea is that
the inhibition of MAPK signaling directly affects these
expressions. The other is that MEK-1 inhibition promotes
BMP production and subsequently induces these expres-
sions. This issue should be focused on in future experi-
ments,

Third, mineralization of ECM was promoted by the long-
term inhibition of MAPK signaling pathway with MEK-1
inhibitor in both cell lines. It was reported that ALP cDNA-
transfected cells promoted mineralized nodules.®” Re-
cently, Wennberg et al.®" reported that osteoblasts derived
from tissue nonspecific (TN) ALP knockout mice showed
little mineralization of ECM and that mineralization was
induced by adding soluble recombinant human TN ALP in
these cells. They and other investigators suggested that ALP
was involved in mineralization of ECM.**'*® Taking our
results and previous reports, the promotion of ALP activity
might account for the effects of the MEK-1 inhibitor on the
mineralization of ECM.

Fourth, OCN secretion and its transcriptional level are
independent of MEK-1 inhibition and there is no correlation
between its secretion and mineralization of ECM. OCN has
been reported as a late osteoblastic differentiation marker.®
However, bone formation was even increased in osteocalcin-
deficient mice. In addition, bone mineralization and resorp-
tion were not impaired in those mice.** These reports
suggested that OCN was a late osteoblastic marker but did
not represent a degree of bone formation. In spite of the
inconsistency of the effect of the MEK-1 inhibitor on OCN
secretion and its transcript in between C2Cl2 and
MC3T3-E1 cells, acceleration of mineralization of ECM in
both cell lines is consistent with the results of OCN-
deficient mice. Taking these facts, expression of OCN
would not directly affect bone formation. Moreover, our
data suggested that the difference between two cell lines
caused the difference of OCN secretion by MEK inhibition.
Xiao et al. reported that transcriptional factor Cbfal, essen-
tial for the differentiation of osteoblasts, is phosphorylated
by the activation of the MAPK pathway and regulated the
activation of OCN gene promoter.** PD98059 did not
affect Cbfal mRNA and protein expression level (data not
shown), Further, Cbfal gene expression level was higher in
MC3T3-EI cells than in C2C12 cells, but OCN gene ex-
pression level was lower in the former than the Jatter (Figs.
2 and 4; data not shown). These data suggested that OCN
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gene expression was regulated not only by Chfal but also
by other signaling pathways affected directly or indirectly
by MAPK signaling. Moreover, the same group recently
reported that OQCN gene expression was blocked by the
short-term inhibition of the MAPK pathway by U0126 in
confluent and differentiated MC3T3-El cells.”* This report
was partly inconsistent with our results, This difference
might be due to the cetlufar background and/or the way of
the application of the inhibitors.

Recently, Gallea et al. reported the pasitive effects of
PD98059 on the osteogenic differentiation of C2CI2
cells.”™ Qur results were consistent with their report by
means of ALP activity, OCN secretion, and these transcrip-
tiona! levels. We found that the phosphorylation level of
MAPK was reduced only slightly in the long-term inhibition
of the MAPK pathway by high concentration of MEK-1
inhibitor because of the cellular compensatory mechanisms
(Figs. LA and 4A; data not shown). In addition to the
experiments using the inhibitor, we could confirm those
effects in C2C12 stable transfectants introducing constitu-
tively active or dominant-negative MEK-1 cDNAs. Again,
the change in MAPK phosphorylation was slight in these
transfectants. Therefore, the cellular phenotype presented in
this report represented the total (direct and indirect) effects
of long-lasting inhibition of MAPK signaling. We also
found that the MEK-1 inhibitor accelerated the mincraliza-
tion of ECM, closely related to the bone formation in vivo,
We also investigated that U0126*7 (Wako Pure Chemicals
Industries, Ltd.) and U0124" (Calbicchem-Novabiochem
Co., San Diego, CA, USA), another specific MEK-1 inhib-
itor and a negative control for UG126, showed similar ef-
fects on ALP activity and mineralization of ECM (data not
shown). Our preliminary experiments, which were carried
out to observe the effects of U0126 on in vivo ectopic bone
formation by rhBMP-2 and type I collagen composite im-

“planted submuscular fasciae in mice, showed enhanced ec-

topic bone formation to a certain degree (Higuchi C, Yo-
shioka K, Yoshikawa H, Itch K, unpublished data, 2002).

Although the usefulness of the MEK-1 inhibitor for bone
formation is clear, the precise underlying mechanism is not
clear, The phosphorylation level of Smad5 or nuclear trans-
location of endogenous Smad5 was not influenced by the
treatment with MEK-! inhibitor (data not shown). Further
studies should be required to solve the points.

This study suggested that a fine-tuning of the MAPK
signaling pathway could promote mineralization of the
ECM in parallel with up-regulation of ALP activity in
BMP-2-induced pluripotent mesenchymal cells and preos-
teoblastic cells in vitro, MEK-1 inhibitors would be useful
in vivo for the promotion of bone formation, for instance,
delayed fracture healing or focal osteoporotic change,
around fracture site.
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Abstract

T-614 (N-[3-(formylamino)-4-0x0-6-phenoxy-4H-chromen-7-yljmethanesulfonamide), a newly developed anti-rheumatic drug
under clinical trial, is an anti-inflammatory agent which has been reported to show the inhibitory effect of bone destruction in vivo
arthritis model. We found that T-614 stimulated osteoblastic differentiation of stromal cell kne (ST2) and preosteoblastic cell line
(MC3T3-El) in the presence or absence of recombinant human bone morphogenetic protein-2 (thBMP-2). Calcium content of
mineralized nodules was 14-fold elevated by the addition of T-614 in the presence of thBMP-2 in ST2 but not MC3T3-El. Oral
administration of T-614 to mice also promoted thBMP-2 induced bone formation in vivo, Northern blot analysis showed that
transcriptional level of osterix, an essential transcription factor for osteoblastic differentiation, was 3-fold increased by T-614 with
rhBMP-2 in ST2. Taken together, these results suggested that T-614 possessed anabolic effects on bone metabolism, besides sup-
pressor of bone resorption, by increased expression of osterix,

© 2002 Elsevier Science (USA). All rights reserved.

Keywords: T-614; Osteoblast; Bone morphogenetic protein; QOsterix; ST2; MC3T3-E1

Bone mass is always maintained through repeated
cycle of destruction and rebuilding. This process, called
bone remodeling, is regulated by both osteoclasts, which
resorb old bones, and osteoblasts, forming new bones
[1]. Osteoporosis, resulting from the imbalance of bio-
logical regulation, is one of the major health problems
for not only elder people but also rheumatoid arthritis
(RA) patients. Several drugs have been developed for
the treatment of osteoporosis by inhibition of osteoclast
[2,3] or by stimulation of osteoblast [4-6], however,
none of the drugs showed the dual effects on both os-
teoclasts and osteoblasts. We carried out the screening
of the several small molecules that stimulated alkaline
phosphatase (ALP) activity in osteoblastic cells with the
aim of clinical application for osteoporosis,

" Corresponding author. Fax: +81-6-6971-7951.
E-mail address: itou-ka@mc.pref.osaka.jp (K. Itoh).

T-614, a member of the methanesulfonanilide class of
anti-inflammatory agents, a newly developed anti-rheu-
matic drug, is undergoing phase III clinical trials in Ja-
pan. In vitro cell culture models, this drug significantly
reduced the production of inflammatory cytokines, such
as interleukin (IL}-1B, IL-6, and IL-8 in human mono-
cyte or human monocytic leukemia cell line [7,8], IL-1B,
IL-6, IL-8, and monocyte chemoattractant protein 1 in
synovial cells [9,10). These biological effects of T-614
were considered due to the suppression of NF-xB acti-
vation [7,9]. In type Il collagen induced and spontaneous
arthritis models, this drug also suppressed the bone re-
sorption and joint destruction [11]. Together, these re-
ports suggested that T-614 inhibited the osteoclast
activity. However, the precise mechanism of this drug
as anti-osteoporotic activity is still ambiguous.

In the present study, we examined the effect of T-614
on osteoblastic differentiation using murine bone mar-

0006-291X/02/8 - see front matter © 2002 Elsevier Science (USA). All rights reserved.
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row stromal cell line ST2 and preosteoblastic cell line
MC3T3-El cultured with or without rhBMP-2, since
these cell lines have been established as the undifferen-
tiated osteoblastic cells [12,13]. Using a mouse model,
we also studied its effect on thBMP-2 induced bone
formation in vivo. The present results suggested that
T-614 had the dual effects for the osteoporotic patients
by promoting bene formation and inhibiting bone
resorption.

Materials and methods

Materials. T-614 and its metabolites (T-614M1: N-(3-amino-4-
oxo-6-phenoxy-4H-chromen-7-yl)methanesulfonamide, T-614M2: N-{7-
[(methylsulfonyl)amino]-4-oxo-6-phenoxy-4H-chromen-3-yl}acetamide,
and T-614M4: N-[3-(formylamino)-6-(4-hydroxyphenoxy)-4-oxo-4H-
chromen-7-yljmethanesulfonamide) were chemically synthesized in
Toyama Chemical (Toyama, Japan). Recombinant human BMP-2 was
provided from Genetics Institute (Cambridge, MA) and Yamanouchi
pharmaceutical (Tokyo, Japan).

Cell culture, Murine bone marrow stromal cell line ST2 and pre-
osteoblastic cell line MC3T3-El were purchased from RIKEN CELL
BANK (Tsukuba, Japan). ST2 cells were cultured in RPMI medium
1640 (RPMI 1640; Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS; Equitech-bio, Kerrville, TX) and MC3T3-E1
cells were maintained in o-minimum essential medium (a-MEM; In-
vitrogen) with 10% FBS at 37°C in a humidified 5% CO, incubator.
For each assay, ST2 cells were plated on type I collagen-coated plate
(Sumitomo Bakelite; Tokyo, Japan) at 1.5 x 10* cells/em?® and MC3T3-
El cells on non-coated plate at 2.5 x 10* cells/em?. At 24h after being
plated, the medium was changed to a-MEM supplemented with 10%
FBS containing various concentrations of T-614 or its metabolites with
or without rhBMP-2.

Alkaline phosphatase staining and activity. Both cell lines were
treated with thBMP-2 and/or T-614 compounds for 3 days. For ALP
staining, cells were fixed for 15 min with 3.7% formaldchyde at room
temperature after washing with phosphate-buffered saline (PBS). Then,
the cells were incubated with the mixture of nitroblue tetrazolium
(NBT; Promega, Madison, WI) and 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP; Promega) in ALP buffer (100 mM Tris-HCI, pH 9.5,
100mM Nacl, and 5mM MgClL,) for 1h in the dark at room tem-
perature, To measure ALP activity, cells were washed twice with PBS
and lysed in M-PER Mammalian Protein Extraction Reagent (Pierce,
Rockford, IL) following its protocol. ALP activity was assayed using
p-nitrophenylphosphate as a substrate by Alkaline Phospha Test
Wako (Wako Pure Chemicals Industries, Osaka, Japan) and the pro-
tein content was measured using bicinchoninic acid (BCA} protein
assay kit {Pierce).

Osteocalcin secretion. The amount of osteocalcin (OCN) secreted
into the culture medium from day-4 to -6 was determined by radio-
immunoassay using mouse osteocalcin immunoradiometric assay
(IRMA) Kit {Immutopics, San Clemente, CA). OCN secretion was
normalized to the total cellular protein content.

Alizarin Red § staining and calcium content in mineralized nod-
ules. ST2 and MC3T3-El cells were cultured in @-MEM supplemented
with 10% FBS and 19 mM -glycerophosphate (Sigma) in the absence
or presence of 50ng/m! thBMP-2 and 5 pg/ml T-614 for 30 days. The
medium was replaced every 3 days. For deposited calcium staining to
detect mineralized nodules, the cells were washed with deionized water
after being fixed for 15min with 3.7% formaldehyde at room temper-
ature and stained with Alizarin Red S (Sigma, St. Lowis, MO) at pH
6.3. To measure calcium content of the nodules, 500 ul of 1 N HC] was
added to each well to decalcify mineralized nodules after fixation of the
cells, After 24 h, calcium content in the supernatant was determined

using the o-cresolphthalein complexon color development method by
Calcium Test WAKO (Wako Pure Chemicals Industries). Duplicated
wells were used to determine the protein content.

in vivo rhBMP-2 induced bone formation. Collagen composites
containing thBMP-2 were prepared according to the previous report
[14]. In brief, 3 pg rhBMP-2 solution was blotted imto a porous colla-
gen disk (6 mm diameter with 1 mm thickness) purchased from Heli-
stat, Integra Life Sciences (Plainsboro, NJ) and freeze-dried. Fourteen
male ICR mice, 6 weeks old, were purchased from Nippon SLC
(Shizuoka, Japan). Under general anesthesia with diethyl ether, one
composite was implanted into the left dorsal muscle pouch of each
mouse. The mice were divided into two groups (seven mice for each
group). To each group, 0 or 10mg/kg/day of T-614, suspended in 0.5%
(w/v) methylcellulose (Wako Pure Chemicals Industries) solution, was
given orally twice a day for 17 days. On day 17, composites were
collected and then radiographed with a soft X-ray apparatus. The
ossicles were fixed with 3.7% formaldehyde and decalcified with 5ml of
0.6 N HCI, dehydrated, and embedded in paraffin. Sagittal sections of
4 ym thickness were cut on a microtome and subjceted to hematoxylin
and eosin staining. The calcium content of the decalcified HCI solution
was measured as above,

Northern blot analysis. Total RNA was extracted from ST2 and
MC3T3-El cells using TRIZOL reagent (Invitrogen, Carlsbad, CA).
Ten micrograms of total RNA was electrophoresed in 1% agarose—
formaldehyde gels and transferred onte Hybond N+ nylon membrane
{Amersham Pharmacia Biotech, Tokyo, Japan). Twenty-five nano-
grams of the probes was radiolabeled with [o-3?PJdCTP using Redi-
prime II DNA Labelling System (Amersham Pharmacia Biotech,
Tokyo, Japan). In order to make probes, mouse osteocalcin cDNA
was amplified by reverse transcriptase polymerase chain reaction
(RT-PCR) with sense (5-GAACAGACAAGTCCCACAC-3) and
antisense (5-CCTCATCTGAACTTTATTTTGGAGC-3) primers
(GenBank Accession No. X04142), for mouse osterix (0SX), with
sense {(¥-GGCAGTCACTAAGATCCCCA-Y) and antisense (5'-CCC
AGACTCCATGGCTTTAC-3) primers (GenBank Accession No,
NM130458). For Cbfal/Runx2 probe, a 0.61 kb-Pstl/ HindI11 fragment
was used (GenBank Accession No. XMI128663) {15]. All probe se-
quences were confirmed by 3100 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA). The membranes were prehybridized,
hybridized using Rapid-Hyb Buffer (Amersham Pharmacia Biotech)
with radioactive probes, and then washed with 2x SSC containing
0.1% SDS or 0.2x SSC containing 0.1% SDS at room temperature or
65°C. The hybridized blots were exposed to an imaging plate at
room temperature and relative levels of messenger RNA (mRNA)
were estimated by a laser scanning densitometer (Fuji FLA 2000; Fuji,
Tokyo, Japan).

Statistic analysis. Data are expressed as means £ SD in all figures.
Statistic significance was analyzed by Student’s ¢ test, P < 0.05 value
was considered statistically significant.

Results

Effects of T-614 on ALP staining and activity in ST2 and
MC3T3-El cells

Alkaline phosphatase, an early phase marker of os-
teoblastic differentiation, was assayed in 8T2 and
MC3T3-El cultured for 3 days in the presence or ab-
sence of thBMP-2 or T-614. T-614 (0-30pg/ml} and
rhBMP-2 (0-50ng/ml) synergistically increased both
staining and activity of ALP in 8T2 in a dose-dependent
fashion (Figs. 1A and B, left panels). In MC3T3-El, T-
614 also increased ALP staining and activity with the
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Fig. 1. ALP staining (A) of $T2 (left panel}, MC3T3-E1 (right panel) and ALP activity (B) in ST2 (left panel) and MC3T3-E] (right panel). The data
are expressed as means & SD of six determinations. Osteocalcin sccretion (C) from ST2 (left panel) and MC3T3-E| (right panel) was analyzed with
radioimmunoassay. The data are expressed as means + SD of three determinations. Calcium contents of mineralized nodules (D, top panels) in ST2
(left panet) and MC3T3-E1 (right panel) were analyzed. Alizarin Red § staining was performed (D, lower panels) in ST2 (left panel) and MC3T3-El
(right panel). #P < 0.05 and *P < 0.01 (compared with vehicle control).
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lower concentration (< 30ng/ml) of thBMP-2, but little
increased effect was seen at 50 ng/m! rhBMP-2. Further,
the stimulatory effect of this drug for MC3T3-El was
less than that for ST2 (Figs. 1A and B, right panels).

Effects of T-614 on osteocalcin secretion ST2 and
MC3T3-El cells

Osteocalcin is the marker of terminally differentiated
osteoblast. T-614 increased osteocalcin secretion in both
cell lines in its dose-dependent fashion except 30 pg/ml
T-614 in ST2 (Fig. 1C).

Effects of T-614 on bone nodule formation in ST2 and
MC3T3-El cells

In the presence of 5¢ng/ml rhBMP-2, the calcium
content of ST2 cultured with T-614 was 14-fold in-
creased as compared to that cultured without T-614
(Fig. 1D, left panel). In the absence of ThBMP-2, min-
eralized nodules were less detected. By contrast, in
MC3T3-El, T-614 did not affect the calcium content in
the presence or absence of rhBMP-2 (Fig. 1D, right
panel). :

Effects of T-614 on rhBMP-2 induced bone formation in
vivo

Newly formed ectopic ossicles induced by thBMP-2
were photographed (Fig. 2A) and radiographed (Fig.
2B). The calcium contents of newly formed ossicles of T-
614 group were 1.7-fold increased compared to those of
control group (Fig. 2C). Histological analysis showed
normal bone containing fully matured bone marrow
formation in each group. There were no apparent his-
tological differences between two groups (Fig. 2D).

Effects of T-614 on the expression of CbfallRunx2,
osterix, and osteocalcin mRNA in ST2 and MC3T3-El
cells

In order to speculate the effect of T-614 on osteo-
blastic differentiation, we examined the expression level
of two transcription factors, Cbfal/Runx2 and osterix,
both playing essential roles in osteoblast differentiation
[15-17]. Cbfal/Runx2 was expressed in both cell lines
and not stimulated by T-614 (Fig. 3A, top panels). On
the other hand, we found that the expression level of
osterix transcript in ST2 cells was approximately 3-fold
increased when cultured with 10 ug/ml T-614 and 50ng/
ml thBMP-2 for 3-6 days (Fig. 3A, middle left panel). In
contrast, in MC3T3-El, the expression of osterix was
consistently detected even in the absence of thBMP-2
(Fig. 3A, middle right panel). The transcriptional level
of osteocalcin was also increased by the treatment with
10ug/ml T614 and 50 ng/fml thBMP-2 for 3-6 days (Fig.

A
Cont.

T-614

Cont.

T-614

Cont,

T-614

0 2 4

Fig. 2. Photograph (A) and soft X-ray radiograph (B} of rhBMP-2
induced newly formed bones at 17 days after implantation. Calcium
contents of newly formed bones were measured (C). Histological ap-
pearance of newly formed bones stained with hematoxylin and eosin
(D). Cont.: control group. T-614: T-614 10mglkg/day group.
#P < 0.05 (compared with vehicle control). Bar: 100 pm.

3A, lower panels, lanes 6 and 8). We examined that T-
614 might be involved in the early signal transduction
pathway of BMP-2 in osteoblasts. Smad 5 is one of the
intracellular signal transducers of BMP signaling [18).
The phosphorylation levels of Smad 5 were increased at
10, 20, and 30 min after treatment with 50 ng/ml rhBMP-
2. Ten pg/m! T-614 did not affect this increase in the
level of phosphorylation (data not shown). We also ex-
amined the expression levels of IdI, which was a direct
target of BMP signaling {19]. The expressions of Id!
transcripts were stimulated after 1 hour treatment with
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Fig. 3. The expression of Cbfal/Runx2 (top panel), osterix {middle
panel), and osteocalcin (fower panel) transcripts in ST2 (left panel) and
MC3T3-El (right panel). Cells were treated with vehicle or 10 pg/ml T-
614 in the absence or 50 ng/ml thBMP-2 for 3-6 days (A). A potential
mechanism of T-614 on osteoblastic differentiation. T-614 affected
neither the phosphorylation level of Smad 5 nor the expression of
Cbfal/Runx2. T-614 stimulated the expression of osterix (B).

undifferentiated
pluripotent cell
(5T2)

osteoblastic differentiation

50ng/ml thBMP-2 and gradually decreased. They were
also stimulated to the same extent even in the presence
of 10 pg/ml T-614 (data not shown). Taken together, we
speculated that T-614 was not involved in the early
signal transduction pathway of BMP-2 in ST2 cells. We
summarized a potential mechanism of the anabolic effect
of T-614 (Fig. 3B).

Effects of T-614 metabolites on ALP activity in ST2 cells

In order to estimate the structure-activity relation-
ship of T-614, we compare ALP activity in ST2 using
several T-614 metabolites (Fig. 4A). Although T-614M1
and T-614M2 had little effect on TNF-a production
compared to T-614 in human monocyte cell line THP-1
cell (ICs: T-614; 17upg/ml, T-614M1; >30pg/m!, and
T-614M2; >30pg/ml, unpublished data), these two
compounds stimulated ALP activity to a similar degree
as T-614 itself (Figs. 4B and C). Further, even T-614M4
has been shown as an inactive compound for TNF-x
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Fig. 4. Chemical structures of T-614 and its metabolites (T-614M]1,
M2, and M4) (A) and the effects of the T-614 metabolites on ALP
activity of ST2 cells (B: T-614M1, C: M2, D; M4). The data are ex-
pressed as means+SD of five determinations. #P < 0.65 and
*P < 0.01 {compared with vehicle control).

production in THP-1 cell, this metabolite stimulated
ALP activity at 30 ug/ml (Fig. 4D).

Discussion

In this study, we have found that T-614 and its
metabolites stimulated osteoblastic differentiation in
8§T2 and MC3T3-El. In addition, T-614 also stimulated
rhBMP-2 induced bone formation in vivo. The possible
mechanism accounting for these effects is increased
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expression of osterix by T-614. Osterix has been re-
ported to play a pivotal role in osteoblast differentia-
tion and bone formation [16]. In MC3T3-El, the
expression level of osterix was consistent even in the
absence of rhBMP-2 (Fig. 3A, right panel). In ST2, by
contrast, osterix was scarcely detected in the absence of
rthBMP-2, T-614 and rhBMP-2 about 3-fold stimulated
the expression of osterix (Fig. 3A, left panel), Cbfal/
Runx2 [15,17], the other essential transcription factor
for osteoblastic differentiation, was expressed consis-
tently in both cell lines. It is reported that osterix was
located in the downstream of Cbfal/Runx2 in the
transduction pathway of BMP-2 [16]. In addition, it is
believed that ST2 is an undifferentiated pluripotent
bone marrow stromal cell line, whereas MC3T3-El is a
more differentiated preosteoblastic cell line. Taken to-
gether, we speculated the potential mechanism of ana-
bolic effect of T-614 in Fig. 3B. T-614 promoted
osteoblastic differentiation via the stimulation of osterix
expression. Therefore, the different expression levels of
osterix might account for the difference in the effects of
T-614 on the osteoblastic differentiation for ST2 and
MC3T3-El. Whether this stimulatory effect of T-614
on osterix expression is direct or indirect should be
addressed in future,

T-614 is a member of the methanesulfonanilide class
of anti-inflammatory drug, which was developed for the
treatment of patients suffering from RA. Since osteo-
porotic changes, besides joint destruction, are often
recognized in RA patients, the drug which suppresses
bone resorption and promotes bone formation will bring
great advantages to those patients, T-614 has been re-
ported to reduce the production of inflammatory cyto-
kines by inhibition of NF-xB activation [7,9]. Knockout
mice study revealed that NF-xB played an essential role
in osteoclastogenesis, but did not affect osteoblastic
differentiation {20,21]. In addition, salicylate, the other
molecule of NF-xB inhibitor [22,23], did not promote
ALP activity in our experiments (data not shown),
Further, inactive metabolite of T-614 for cytokine pro-
duction, T-614M4, still showed the stimulatory effect for
osteoblastic differentiation (Fig. 4D). Taken together,
these evidence suggested that the other mechanism, be-
sides NF-xB inactivation, could exist for the promotion
of osteoblastic differentiation by T-614.

T-614 also has been reported to inhibit both the ac-
tivity and expression of cyclooxygenase (COX)-2 in
cultured fibroblast [24]. However, NS-398, other COX-2
inhibitor, inhibited ALP activity in osteoblast [25].
These reports suggested that the stimulatory effect of
osteoblastic differentiation by T-614 was not due to the
inhibition of COX-2. Recently, COX-2 was indispens-
able for de nove bone formation, such as fracture healing
[26,27]. Therefore, the application of COX-2 inhibitor
for fractured patients may not be recommended for fear
of non-union. Besides major bone fracture, in the

postmenopausal women, they often suffer from pain by
minor trabecular bone fracture due to osteoporosis. For
those elder people, T-614 might have more benefit for
decreasing the adverse effect. The effective concentration
of T-614 in vitro study (1-10 pg/ml) and in vivo study
(10 mg/kg/day) are comparable to the plasma concen-
tration of T-614 estimated in the clinical trial (unpub-
lished data).

In this report, we found that a novel anti-rheumatic
drug, T-614, promoted osteoblastic differentiation in
ST2, MC3T3-El cells in vitro and rhBMP-2 induced
bone formation in vivo. The possible mechanism of
these effects was stimulation of osterix expression.
Therefore T-614 has an anabolic property as well as an
inhibitory effect of bone resorption. The osteogenic ac-
tivity of this compound under clinical setting should be
addressed in future.
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