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No growth of femur was observed in CIA rats after week 4
(solid line, normal; dotted line, CIA).

O

- normal
-0 ClA

(&)
7]
T

G > GO
[ 1
T T T

[%]
5]
1

Tibial length {mm)
@ '
T

&
<
T

N
o

Ow 2w 4w 6w Bw 10w 12w
after immunization

No growth of tibia was observed in CIA rats after week 2
(solid line, normal; dotted line, CIA).
(Values shown are mean 5D, *=p<0.01, versus normal rats.)

Figure 2. Length of femur and tibia at times following immunization.

E1000; Nikon, Tokyo, Japan) at 200x magnification, and the
microscopic images were displayed on a computer. The
widths of the whole growth plate, proliferating zone, and
hypertrophic zone of the proximal tibial growth plate were
measured at 3 sites for each section using Photoshop (Adobe
Systems Incorporated, CA, USA). The mean widths were
then calculated (Figure 7A).
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Figure 3. Growth plate proximal tibia (hematoxylin and eosin, 200x).
(A-E) Normal rats. The epiphyseal growth plate of the proximal
tibia was composed of very regular-columns in the 8-week-old
normal rats. The width of growth plate decreased slowly, but the
regular arrangement and properties of cells in the column were
well conserved until 18 weeks of age (A, 8 weeks old; B, 9 weeks
old; C, 10 weeks old; D, 12 weeks old; E, 18 weeks old).

(F-I) CIA rats. Nearly .normal column formation in growth plate
was observed in the CIA rats at 2 weeks after immunization (age, 8
weeks) (F). The proliferating zone cells appeared swollen at 3
weeks after immunization {G). The width of the hypertrophic cell
zone was greatly reduced at 4 weeks after immunization (H). The
width of the hypertrophic cell zone was then reduced until it finally
disappeared at 12 weeks after immunization (age, 18 weeks) (I). (F,
8 weeks old; G, 9 weeks old; H, 10 weeks old; I, 12 weeks old; ], 18
weeks old).
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Figure 4. Growth plate of proximal tibia (safranin-Q staining, 200x).
(A-E) Normal rats. (A, 8 weeks old; B, 9 weeks old; C, 10 weeks old;
D, 12 weeks old; E, 18 weeks old).

(F-)) CIA rats. (F, 8 weeks old; G, 9 weeks old; H, 10 weeks old; 1,
12 weeks old; J, 18 weeks old).

Intensity of safranin-O staining was well conserved from 8 to 18
weeks of age in the normal rats (A-E), whereas it was decreased at 8
and 9 weeks of age in CIA rats (2 and 3 weeks after immunization,
respectively).

Statistical analysis

All data were expressed as the mean + SD, and statistical
analysis was performed with the Mann-Whitney U test.

Differences were considered significant if p value was less
than 0.01.
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Results

Epiphyseal growth plate closure in CIA rats

In normal (control) rats, the growth plate widths gradually
decreased with age, from 6 to 18 weeks (Figure 1A-C). The
growth plate widths decreased more rapidly with age in the
CIA rats and were essentially closed by 18 weeks (Figure 1D
and E).

Length of femur and tibia

Femoral lengths of the normal and CIA groups increased
in a similar manner until 4 weeks after immunization. After
six weeks substantial differences were observed between the
normal and CIA groups. In the normal group, femoral
length continued to increase throughout the experiment, but
the femoral length of the CIA group was nearly constant
from 4 to 12 weeks after immunization (Figure 2B).

In CIA rats, the growth curve of the tibia was similar to
that of the femur. In normal rats, tibial length increased
throughout the experiment, while in the CIA rats there was
little increase from 2 to 12 weeks after immunization (Figure
2C). There were significant differences in femoral length
after 6 weeks and tibial length after 4 weeks between normal
rats and CIA rats (Figure 2B and C).

Histology of the growth plate

The epiphyseal growth plate of the proximal tibia was
composed of very regular columns™, In normal rats, the
width of the growth plate decreased with age, but the regular
arrangement and properties of cells in the columns
remained well conserved through the experimental period
(18 weeks of age) (Figure 3A-E).

In the CIA rats, the growth plates appeared essentially
normal for the first 2 weeks after immunization (age, 8
weeks) (Figure 3F). Beginning at 3 weeks, there were
striking alterations in the morphology of the epiphyseal
growth plate of the CIA rats (Figure 3G). The proliferating
cells appeared enlarged, and columns of chondrocytes had
become irregular. The width of the hypertrophic zone was
significantly less in CIA rats compared with the normal rats.
In the CIA rats, the hypertrophic zone was no longer evident
by 4 weeks after immunization (Figure 3H), and the
epiphyseal growth plate was almost gone by 6 weeks after
immunization and was essentially absent by 12 weeks after
immunization (Figure 3 IandJ).

There were also differences in safranin-Q staining of the
growth plate between normal and CIA rats. In normal rats,
intensity of safranin-O staining remained at the same level
from 6 to 18 weeks of age (Figure 4A-E), whereas, in CIA
rats, the intensity decreased beginning 2 weeks after
immunization (age, 8 weeks) (Figure 4F-]),
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Immunchistochemical evaluation of growth plate

Immunohistochemical detection and localization of
MMP-3 and VEGF showed that these proteins were
expressed in hypertrophic chondrocytes in the growth plates
from 8-week-old normal and CIA rats at 2 weeks after
immunization (Figure 5A, 5C, 6A and 6C). By 3 weeks after
immunization (age, 9 weeks), significant differences were
seen between normal and CIA rats. In normal rats, these
proteins were detected only in hypertrophic chondrocytes
(Figure 5B and 6B), while the enlarged chondrocytes in the
proliferating zone from CIA rats also expressed these
proteins. The relative number of chondrocytes expressing
these proteins increased in the CIA rats (Figure SD and 6D).

Widths of whole growth plate and proliferating and
hypertrophic zones

In the normal rats, the widths of the whole growth plate and
hypertrophic zone decreased with age, but growth plate was
still evident at 18 weeks of age (same age as CIA rats at 12
weeks after immunization). In the CIA rats, there were rapid
decreases in growth plate width with age, especially in the
hypertrophic zone, The widths of the proliferating zone also
decreased with age, but less rapidly than the hypertrophic
zone. At 6 weeks after immunization (age, 12 weeks), growth
plate had essentially disappeared (Figures 7B-D).

Discussion

Although CIA is a widely used experimental model of
rheumatoid arthritis'*'®, few studies have focused on the
pathological changes in the epiphyseal growth plate®. In this
study, we demonstrated that growth disturbances of long
bones occurred during the development of arthritis in the CLA
rat model. The longitudinal growth retardation was
recognised radiographically in the tibia and femur from 4
weeks after immunization, and the pathological epiphyseal
closure was recognised radiographically and histologically at 6
weeks after immunization. Finally, at 12 weeks after
immunization, tibial and femoral average lengths in the CIA
rats were 3.8mm (12.2% of normal length} and 3.6 mm {9.7%
of normal length), respectively, shorter than those in the
control rats. These results indicated that pathological
epiphyseal closure occurs in CIA rats, and resulted in
longitudinal growth retardation of the tibia and femur.

A decrease in safranin-O staining of the growth plates in
the CIA rats was evident prior to morphological changes in
the chondrocytes. There was a later diminution of the growth
plate width, particularly evident in the hypertrophic zone.
Since the intensity of safranin-O staining correlates with the
amounts of proteoglycans in cartilage', the reduced staining
of the growth plates in the CIA rats suggests a decreased
production and/or an increased degradation of proteoglycans.
MMP-3 is a stromelysin, which degrades proteoglycans™",
In this study we showed an increase of MMP-3 producing
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Figure 5. Growth plate of proximal tibia (immunohistochemistry
against MMP-3, 200x).

{A, B) Normal rats. (A, 8 weeks old; B, 9 weeks old).

(C, D) CIA rats. (C, 8 weeks old; D, 9 weeks old).
Immunohistochemistry against MMP-3 shown the immunoreactivity
was seen in hypertrophic chondrocytes in growth plate of 8 week-
old rats (A and C). MMP-3 positive cells were increasing in CIA
rats of 9 weeks of age (3 weeks after immunization) than that of
normal rats {B and D, respectively).
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Figure 6. Growth plate of proximal tibia (immunohistochemistry
against VEGEF, 200x).

(A, B) Normal rats. (A, 8 weeks old; B, 9 weeks old).

(C, D) CIA rats. (C, 8 weeks old; D, 9 weeks old).
Immunohistochemistry against VEGF shown the immunoreactivity
were scen in hypertrophic chondrocytes in growth plate of 8-weck-
old rats (A and C). Increase of VEGF-positive ¢cells were seen in
CIA rats of 9 weeks of age (3 weeks after immunization) than that
of rats (B and D, respectively). Immunoreactivity against VEGF
was also detected in swollen shaped chondrocytes in proliferating
zone of CIA rats at 9 weeks of age.

cells in the growth plates of CIA rats. These findings suggest
that over expressed MMP-3 could result in increased
proteoglycan degradation in the growth plates of CIA rats.
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{A) Total width, proliferating zone width, and hypertrophic zone width of growth plate in proximal tibia were measured.
{B) Total width of growth plate decreased more rapidly in CIA rats than in normal rats, and was greatly diminished 6 weeks after

immunization (solid line, normal; dotted line, CIA).

(C, D) The decrease of hypertrophic zone width was more prominent than the decrease of proliferating zone width in CIA rats 3 and 4 weeks

after immunization.

In this animal model of arthritis, it was clearly shown that
such proinflammatory cytokines like TNF-a and IL-1f are
involved in the pathogenesis of the disease, although there are
a few reports concerning cytokine levels in the bone marrow
in animals with CIA®. TNF-a and IL-1f are also implicated in
the induction of MMPs, such as MMP-1 and MMP-3, These
MMPs are involved in the degradation of the ECM'™%22,
The increase of MMP-3 producing cells in the growth plate of
CIA might be the consequence of the greater production of
proinflammatory cytokines in the bone marrow,

In addition, proteoglycan synthesis by chondrocytes could
be affected by proinflammatory cytokines, which may lead to
a decrease of proteoglycans in cartilage and decreased intensity
of safranin-O staining.

During normal growth of the epiphyseal plate, stem celis
initiate their programmed differentiation by frequent

proliferation and typical columnar arrangement. Subsequently,
cells cease proliferating and change morphometrically into
their hypertrophic shape,

These hypertrophic chondrocytes mature further to
produce matrix components. Thereafter matrix around the
hypertrophic chondrocytes calcifies and the chondrocytes
undergo apoptosis. These calcified matrices are replaced
with trabecular bone by osteoclasts/chondroclasts and
osteoblasts=%,

Various families of molecules have been .identified as
participating in the growth and development of bone®™.
Among these molecules, VEGF has been shown to be a key
regulator of neoangiogenesis in cartilage growth plate,
apoptosis of hypertrophic chondrocytes and osteoclasts
recruitment into hypertrophic cartilage™*. The present study
demonstrates that the destruction of the growth plate in CIA
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rats was accompanied with morphological changes of the
hypertrophic chondrocytes and with an increase in the
number of VEGF expressing cells. These findings suggest that
over expressed VEGF in the growth plates of CIA rats might
be involved with the abnormal ossification of the matrix and
perhaps an increased recruitment of osteoclasts/chondro-
clasts, which resulted in destruction of the growth plate
cartilage.

Many papers have assessed antiarthritic effectiveness of
various molecules using the CIA model, however, the changes
in growth plate cartilage have not been carefully evaluated.
The quantitative analysis reported by Jee et al. showed a
protective effect of methylpredonizolone against growth plate
erosion in adjuvant-induced arthritis in rats®. This steroid is a
well-known and potent anti-inflammatory agent that
suppresses the production of inflammatory cytokines and
MMPs*®. These reports suggested that the protective effect
of the steroid against growth plate erosion could be via
suppression of some cytokines and MMPs, supporting some
of the observations made in the present study. The detail of
this process is still unclear and further investigation is
necessary to elucidate the pathogenesis of growth plate
destruction in inflammatory conditions. Clarification of the
mechanism of this phenomenon could yield clinical benefits,
especially in prevention of the premature closure of growth
plate that is seen in juvenile rheumatoid arthritis and other
diseases. This CIA rat model appears to be a useful model for
further studies.
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ABSTRACT
The purpose of this study is to investigate the expression of tumor necrosis factor-o converting
enzyme (TACE) in the synovium and subchondral bone region of patients with rheumatoid
arthritis (RA) and to determine the contribution of the enzyme to the pathogenesis of RA.

Joint tissues were obtained during total knee arthroplasty from patients with RA and osteoarthri-
tis (QA). The expression of TACE and TNF-a mRNA was detected by in sifu hybridization. Charac-
terization of TACE expressing cells was performed by immunohistochemistry using serial sections.

We found that TACE mRNA was expressed in both synovium and subchondral bone region and
co-localized with TNF-o mRNA in RA. On the other hand, TACE mRNA expression was scarcely
detectable in OA samples. TACE was expressed in mononuclear cells, such as CD3 and CD14
positive cells in RA samples.

In conclusion, the expression of TACE is up-regulated in the rheumatoid synovium and sub-
chondral bone region, and the results in this study demonstrate that TACE may be involved and
play a role in the pathogenesis of RA.

Keywords: Rheumatoid arthritis; Tumor necrosis factor-o converting enzyme; Tumor necrosis
factor-o. '
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INTRODUCTION

Rheumatoid arthritis (RA) is a common autoim-
mune disease characterized by chronic inflamma-
tion of synovial joints and subsequent progressive
destruction of cartilage and bone. Although the
pathomechanisms of RA have not been fully
elucidated, inflammatory cytokines and tissue
damaging molecules are thought to play impor-
tant roles,12 137

Tumor necrosis factor-alpha (TNF-) is a major
immunomodulatory and proinflammatory cyto-
kine that is highly up-regulated in RA and
may play an important role in its pathogen-
esis.> 6121317 Geyeral experimental and clinical
trials have shown the effectiveness of blocking
TNF-a, as well as the pivotal role of TNF-o in
RA 12443 TNF-a is mainly produced by synovial
macrophages in the RA synovium, where it
stimulates fibroblast proliferation and lymphocyte
activation®? Joint destruction is a serious
problem that accompanies RA, but its pathological
mechanism has not been elucidated. The potential
of TNF-« as a potent bone-resorbing agent has
recently been recognized and it may play a major
role in bone and cartilage destruction in RA 41822
Both Jocal and systemic effects of TNF-a are
thought to be important in these processes.

TNF-a is synthesized as a membrane-anchored
precursor, then its soluble form is released into the
extracellular space by limited proteolysis. The
proteinase responsible for this cleavage, called
TACE (INF-a converting enzyme) or ADAM
(a disintegrin and metalloproteinase domain) 17
has recently been identified.> 28

The inflammatory activated synovium plays an
important role in the pathogenesis of joint des-
truction associated with RA. Several investigators
have recently demonstrated that the subchondral
bone marrow also plays an important role in joint
destruction associated with RA.1%21,30,32,35-39 we
detected the hyperplasia of subchondral bone
marrow cells, as well as the expression of proin-

flammatory cytokines such as TNF-a and IL-1B
and proteinases such as MMP-9, cathepsins B, K
and L in subchondral bone region of joints in
patients with RA. We concluded that these
molecules might contribute to the joint destruction
associated with RA.2!

TACE is a key enzyme in the process of
secreting soluble type TNF-a but few reports have
described the role of TACE in arthritis, especially
its expression in subchonodral bone region of joint
destruction in RA}33 The present study
examines TACE expression in the synovium and
subchondral bone regions of destroyed joints from
patients with RA.

MATERIALS AND METHODS

Patients and Samples

Joint tissues containing synovium and subchon-
dral bone were obtained from 7 patients with RA
during total knee arthroplasty at Department of

" Orthopaedic Surgery Osaka University Medical

School. All patients fulfilled the American College
of Rheumatology revised criteria for RA? and
gave written informed consent to fully participate
in the study. The average age was 57.5 years old
and average disease duration was 12 years. As
controls, tissue specimens were obtained from 4
patients with osteoarthritis (OA), who averaged
54 years of age.

Tissue Preparation

Sample tissues were prepared as described.?! They
were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS; pH 7.4), decalcified in 20%
EDTA, then dehydrated through an ethanol series
and embedded in paraffin. Sections of 5 pym in
thickness were cut using a microtome and were
prepared for histological investigation including
in sity hybridization, hematoxylin-eosin (HE)
staining and immunohistochemistry.
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Antibodies
Antibodies specific for T cells (anti CD-3; Dako,
Glostrup, Denmark), monocytes/macrophages

(CD14; Santa Cruz Biochemistry, SA) and fibro-

blasts (prolyl4 hydroxylase, Fuji Chemical,
Toyama, Japan) were used for immunohistochem-
istry. Negative controls were isotype-matched
immunoglobulins,

Preparation of Probes

Digoxigenin-labeled single strand RNA probes
were prepared for in situ hybridization using DIG
(digoxigenin) RNA Labeling Kits (Boehringer
Mannheim Biochemica, Mannheim, Germany) as
described.?! To generate human TNF-a probes, a
0.707 kb fragment of human TNF-o ¢DNA was
subcloned into the pGEM-T plasmid. The plasmid
was either linearized with Sac II and transcribed
by SP6 RNA polymerase to generate an antisense
probe or linearized with Spe I and transcribed by
T7 to generate a sense probe. To generate human
TACE probes, a 0.733 kb fragment of human
TACE ¢DNA was subcloned into the pGEM-T
plasmid. The plasmid was either linearized with
Sal I and transcribed by T7 RNA: polymerase to
generate an antisense probe or linearized with
Sac II and transcribed by SP6 to generate a sense
probe.

In Situ Hybridization

Hybridization proceeded as described in Ref. 21
before. Briefly, after a routine treatment, each
section was covered by 50 ul of hybridization
solution contained approximately 0.5 mg/ml of
RNA probe and incubated at 50°C for 16 hours.
The slides were briefly washed in 5XS5C
(IXSSC = 0.15 M NaCl, 0.015 M sodium citrate),
followed by 50% formamide in 2XSSC for
30 minutes at 50°C. RNase A digestion (10mg/ml)
proceeded at 37°C for 30 minutes, then the slides
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were washed. Hybridized probes were detected
using a Nucleic Acid Detection Kit (Boehringer
Mannheim Biochemica) according to the manu-
facturer’s instructions.

Immunohistochemistry

A routine immunohistochemistry technique was
used as described in Ref. 21 before. Tissue sections
were deparaffinized and immunohistochemistry
was performed using the streptavidin-peroxidase
method with Histofine SAB-PO kits (Nichirei,
Tokyo, Japan). The color reaction was performed
using the substrate reagent 3,3'-diaminobenzidine
tetrahydrochloride (Dojindo, Tokyo, Japan). Fi-
nally, the slides were counterstained with hema-
toxylin, dehydrated in a graded ethanol series and
mounted.

The approximate number of positive cells was
estimated in both synovium and subchondral bone
region. The percentage of cells positively stained
with antibodies in randomly chosen area was
calculated for each section and average was shown.

RESULTS

TACE and TNF-a mRNA Expression in
Destroyed RA Joints

In HE staining, all RA specimens contained the
inflammatory synovium with many infiltrating
cells [Fig. 1(A)]. The subchondral bone region was
also characterized by cellular aggregation, exten-
sive erosion of the subchondral plate and cartilage
by cell-rich inflammatory tissue [Fig. 1(E)]. Particu-
lar cartilage destruction was evident in OA speci-
mens, but the amount of cellular infiltration in both
synovium and bone marrow was low [Fig 1(I)].
In situ hybridization showed that expression of
TNF-oo mRNA [Figs. 1(B) and (F})] and that of TACE
gene {Figs. 1(C), (D), (G) and (H)] shared certain
similarities. These genes were expressed in both
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the proliferative synovium [Figs. 1(B), (C) and (D)]
and subchondral bone region [Figs. 1{F), (G) and
(H)] of all RA joint. The TACE genes were clustered
especially in areas of mononuclear cell accumu-
lation. Serial sections showed that TNF-o mRNA
and TACE gene were expressed in the corre-
sponding areas of RA specimens, while the expres-
sion of these genes was negligible in OA specimens

[Figs. 1(J) and (K)].

Characterization of Cells Expressing
TACE mRNA

To characterize the cells expressing TACE mRNA,
immunohistochemistry for CD3, CD14 and prolyl-
4-hydroxylase (PH) was performed using serial
sections. CD3 and CD14-positive cells should be
T cells and monocytes/macrophages respectively,
and were detected in both the synovium and
the subchondral bone region [Figs. 2(A )and (C)}.
In synovium, the percentages of CD3 or CD14-
positive cells in mononuclear cells were about
25% and 18% respectively, and these cells had a
tendency to aggregate like folicles, where TACE
mRNA was mainly expressed. PH-positive cells
were considered to be fibroblasts, but in these
cells TACE mRNA was scarcely detected. In
subchondral bone region, CD3 or CD14-positive
cells were also detected and the clumps lay
scattered. Percentages of CD3- or CDl14-positive
cells in mononuclear cells were about 15% and
8%, respectively. Some areas where these cells
detected coincided with that TACE gene were
expressed [Figs. 2(B) and (D)]. About 20% of
mononuclear cells in the subchondral bone region
and in the synovium were PH-positive. However,
the localization of cells expressing TACE and PH
differed (data not shown). TACE mRNA was
also detected in cubic mononuclear cells lining
the bone surface [Figs. 2(E) and (F)]. These cells
were morphologically similar to osteoblasts and
70-80% of them expressed TACE mRNA.
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DISCUSSION

TACE is a metalloproteinase that can process pro
TNF-a to its soluble form and it has been identi-
fied in several cell types in some tissues.> %2834
Both the membrane-anchored form and soluble
form of TNF-o are considered to play an impor-
tant role in inflammatory status.> 1640

Several investigators including our group re-
vealed abnormalities in subchondral bone region
of RA and subchondral bone region as well as
inflammatory synovium is considered to play an
important role in the joint destruction of RA.

The present study revealed that TACE mRNA
is highly expressed in affected joint with RA. Cells
expressing TACE mRNA were detected in the sub-
chondral bone region as well as in the synovium,
and TACE and TNF-a genes were expressed in
corresponding areas. On the other hand, few cells
were positive for TACE and TNF-¢ mRNA in OA
specimens. These findings suggest that cells
producing TNF-o might simultaneously expressed
TACE in RA tissues. Several studies have reported
high concentration soluble form of TNF-a in the
synovial fluid and serum of RA patients and
TACE must play a role in these statuses. 1%20. 43

Our histological analyses demonstrated that
TACE mRNA was expressed on some mono-
nuclear cells, namely CD14-positive monocytes/
macrophages, CD3-positive T cells and ostegblasts
and number of TACE positive cells was signifi-
cantly increased in RA compared with OA joints.
Monocytes/macrophages constitute on major
group of cells that maintains inflammation in RA
joints?>26:2% 41 The present study found aggre-
gates of these cells in the synovium and subchon-
dral bone region from RA patients.

We also showed that some T cells expressed
TACE mRNA in both the synovium and the
subchondral region. In addition to the ability to
bring about an immuno-reaction that is thought to
play a pivotal role in the initiation of RA, T cells
also seem to contribute to inflammation and joint
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CD3

CD14
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Fig.2 Characterization of cells expressing TACE in damaged RA joints. Immunohistochemistry shows aggregated CD3
and CD14-positive cells (arrows in A and C}. In situ hybridization demonstrates that areas of TACE-positive cell aggregation
partly corresponded with those of CD3 and CD14-positive cell aggregation (arrows in B and D). Cubic mononuclear cells
lining the bone surface were considered to be osteablasts by HE staining (E} and these cells also expressed TACE mRNA (F).

{Original magnification x 200 in A-D; x 400 in E and F)

destruction of RAZ>% 2.2 [n these processes,
TACE may be involved.

Fibroblasts in the synovium constitute one of the
major types of cells producing TNF-0.262? We
examined the fibroblasts by immunohistochem-
istry using anti-PH. In the synovium and sub-
chondral bone, 15-30% of mononuclear cells was
stained with anti-PH antibody, but these did

not correspond to TACE-positive cells. Further
investigation is now undergoing to clarify this
issue including identify other cell types which
express TACE.

The result of our study corresponded with pre-
vious report®® and for the first time demonstrated
the increased expression of TACE mRNA in sub-
chondral bone region of RA.

—461—



Indeed, little is known about TACE upregula-
tion except for the TACE-mediated ectodomain
shedding of several proteins is increased by sti-
mulation of cell with some molecules.?’ Further-
more, TACE is known to be a mediator of TNF
receptor II secretion which has an inhibitory
effects on TNF-a action®® But our findings lead
us to consider that TACE is likely to play a role
in inflammation and/or destruction in the sub-
chondral bone region and synovium by several
effects, such as activation of the Notch pathway,
and TRANCE shedding, in addition to the
cleavage of pro-TNF-a.. 7%

CONCLUSION

The increased TACE expression in subchondral
bone region as well as synovium of RA was
observed and such a phenomenon might be
closely related to the pathogenesis of RA. Further
investigation would reveal that TACE has
potential as a therapeutic target that could prevent
the inflammation and joint destruction associated
with RA.
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Continuous Inhibition of MAPK Signaling Promotes the
Early Osteoblastic Differentiation and Mineralization
of the Extracellular Matrix

CHIKAHISA HIGUCHL'? AKIRA MYOUI,*> NOBUYUKI HASHIMOTO,> KOHJI KURIYAMA,'?
KIYOKO YOSHIOKA,' HIDEKI YOSHIKAWA,? and KAZUYUKI ITOH'

ABSTRACT

We screened the small molecule compounds that stimulate osteogenesis by themselves or promote bone
morphogenetic protein (BMP)-induced bone formation. We found that a specific inhibitor for MAPK/
extracellular signal-regulated kinase kinase (MEK)-1, promoted the early osteoblastic differentiation and
mineralization of extracellular matrix (ECM) in C2C12 pluripotent mesenchymal cells treated with recom-
binant human BMP-2 (rhBMP-2) and MC3T3-E1 preosteoblastic cells. ALP activity was synergistically
increased by the treatment with a specific MEK-1 inhibitor PD98059 and rhBMP-2 in both cell lines.
Twenty-five micromolar PD98059 promoted mineralization of ECM in rhBMP-2—treated C2C12 cells and
MC3T3-E1 cells. In contrast, PD98059 reduced osteocalcin (OCN) secretion and its transcriptional level in
rhBMP-2-treated C2C12 cells but increased its secretion and mRNA level in MC3T3-E1 cells. Stable
expression of a dominant-negative MEK-1 mutant in C2C12 cells represented high ALP activity and low
osteocalcin production in the presence of rhBMP-2, while a constitutively active mutant of MEK-1 attenuated
both of them. Together, our results indicated that BMP-2-induced mineralization of ECM of pluripotent
mesenchymal stem cells and preosteoblastic cells could be controlled by a fine tuning of the MAPK signaling
pathway. Further, MEK-1 inhibitors would be useful for the promotion of bone formation, for instance, the
treatments for delayed fracture healing or advance of localized osteoporotic change after fracture healing. (J

Bone Miner Res 2002;17:1785-1794)

Key words:

INTRODUCTION

RTHOPEDIC SURGEONS often have opportunities to man-
Oage the fractures of osteoporotic bones, especially the
distal radius and proximal femur of elderly women. Several
complications may occur during the treatment, for instance,
the nonunion of fracture site, advance of localized osteopo-
rotic change around the fracture site because of the pro-
longed period of treatment, etc. To overcome these prob-

The authors have no conflict of interest,

MAPK, mineralization, bone morphogenetic protein, osteoblastic differentiation, inhibitor

lems, we screened the small molecule compounds that
induced osteogenesis by themselves or promoted bone mor-
phogenetic protein (BMP)—induced bone formation, The
final goal of our study would be clinical application of them.
Here, we found that a specific inhibitor for MAPK/
extracellular signal-regulated kinase kinase (MEK)-1 pro-
moted mineralization of the extracellular matrix (ECM)
formed by mesenchymal pluripotent cells and preosteoblas-
tic cells in vitro.

BMPs are members of the transforming growth factor
(TGF)-8 superfamily and play critical roles in osteogenesis.

'Dcpartmcnt of Biology, Osaka Medical Cenlter for Cancer and Cardiovascular Discases, Higashinari-ku, Osaka, Japan.
*Department of Orthopedic Surgery, Osaka University Medical School, Suita, Osaka, Japan.
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They induce ectopic bone formation in vivo when implanted
sin muscula tissuet™ and modulate the ostecblastic differ-
entiation of mesenchymal stem cells in vitro.*™ The mo-
lecular mechanisms of the osteoblastic differentiation by
BMP-2 were well characterized,®~' BMP-2 is thought to
exert their biological function by interacting with two types
of transmembrane serine/threonine kinase receptors. These
BMP receptors phosphorylate transcriptional factors
Smadl, -5, and -8. The phosphorylated Smads bind to
Smad4 following the complex translocates into the nucleus
and regulates the transcriptional activation of genes related
to the osteoblastic differentiation resulting in bone forma-
tion. A clinical trial of recombinant human BMP-2
(thBMP-2) has been done, but a huge amount of rhBMP-2
was required for bone formation to the treatment of fracture,
bone defect, spinal fusion, etc.!'"'? Thus, small molecule
compounds, which synergistically reinforce the effects of
rhBMP-2 on bone formation or induce osteogenesis by
themselves, would be useful for its clinical application.
Simvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) reductase inhibitor, was first reported to be one
candidate that promoted osteogenesis.!'*'*

The MEK/MAPK signaling pathway plays significant
roles in cell proliferation and differentiation. This signaling
also affects the osteoblastic differentiation in mesenchymal
cells. Takeuchi et al. showed that integrin activation by
ECM induced the activation of MAPK, which is necessary
for the osteoblastic differentiation of MC3T3-El preosteo-
blasts. ¥ Jaiswal et al. showed that the osteoblastic differ-
entiation by glucocorticoid dexamethasone of adult human
mesenchymal stem cells was inhibited by MEK inhibi-
tion."® In contrast, Kertzschmar suggested that the activa-
tion of MAPK inhibited BMP signaling by phosphorylating
the linker region between the Mad homology (MH) 1 do-
main and MH2 domain of Smadl and inhibiting nuclear
translocation of this protein.'” In addition, it has been
reported that MAPK activation down-regulated type I col-
lagen gene expression in MC3T3-El cells.'® Therefore, the
involvement of the MAPK signaling pathway on osteoblas-
tic differentiation is somewhat controversial,

Here, we reported the effects of long-lasting alteration in
MAPK signaling on the osteoblastic differentiation of mes-
enchymal cell lines using a specific MEK-1 inhibitor and
stable expression of constitutively active or dominant-
negative MEK-1 mutant as assessed by ALP activity, os-
teocalcin (OCN) secretion, their transcriptional levels, and a
mineralized nodule.

MATERIALS AND METHODS

Cell culture

C2C12 pluripotent mesenchymal cells and MC3T3-E!
preosteoblastic cells were purchased from Riken Cell Bank
(Tsukuba, Japan). C2C12 cells were cultured in DMEM
supplemented with 10% FBS (Equitech-bio, Kerrville, TX,
USA}-at 37°C in a humidified atmosphere of 5% CO, and
MC3T3-El cells in a-minimum essential medium {«a-
MEM) containing 10% FBS. All mediums were purchased
from Invitrogen Life Technologies (Tokyo, Japan).
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For each assay, C2C 12 cells and stable transfectants were
seeded at | X 10% cells/om?®, and MC3T3-El cells were
seeded at 2 X 10 cells/cm?. Twenty-four hours after plat-
ing, the medium was replaced by the new medium contain-
ing 10% FBS in the absence or presence of rhBMP-2
{generous gift from the Genetics Institute, Cambridge, MA,
USA, and Yamanouchi pharmaceutical Co., Tokyo, Japan)
and MEK-| inhibitor PD98059 (New England Biolabs, Inc.,
Beverly, MA, USA).

Constructs and transfection

Hemagglutinin (HA)-tagged constitutively active rat
MEK-1 expression vector was purchased from Upstate Bio-
technology (Lake Placid, NY, USA). HA-tagged constitu-
tively active MEK-1 cDNA was excised from the vector as
a BamHI/Xhol fragment and transferred into pcDNA3 ex-
pression vector {Invitrogen Life Technologies). HA-tagged
nonactivatable (dominant-negative} MEK-1 cDNA was
made by alanine substitutions of two aspatrtic acids in HA-
tagged constitutively active MEK-1 cDNA, which were
substituted in place of serine residues 218 and 222 in
wild-type cDNA for its activation, using polymerase chain
reaction (PCR) using appropriate primers.!'”

These plasmids and empty vectors were transfected into
C2CI12 cells using LipofectAMINE PLUS (Invitrogen Life
Technologies) following the manufacturer’s protocol and se-
lected with 1 mg/ml of G418 sulfate (Invitrogen Life Technol-
ogies) to obtain stable transfectants. Expression of mutated
protein in stable transfectants was detected by immunoblotting
using anti-MEK-1 antibody and anti-HA antibody (Santa Cruz |
Biotechnology, Inc., Santa Cruz, CA, USA).

ALP staining and activity

C2C12 cells and MC3T3-E1 cells were treated with or
without thBMP-2 and MEK-1 inhibitor 24 h after being
seeded and incubated for 3 days.

For ALP staining, cells were fixed for 15 minutes with
3.7% formaldehyde at room temperature after being washed
with PBS. After the fixation, they were incubated with the
mixture of nitro blue tetrazolium (NBT; Promega, Madison.
W1, USA) and 5-bromo-4-chloro-3-indelyl-phosphate
(BCIP; Promega) in ALP buffer (100 mM of Tris-HCI, ptl
9.5, 100 mM of NaCl, and 5 mM of MgCl,) for 1 h in the
dark at room temperature.

To measure ALP activity, cells were washed twice with
PBS and lysed in M-Per Mammalian Protein Extraction
Reagent (Pierce, Rockford, IL, USA) following its protocol.
ALP activity was assayed using p-nitrophenyliphosphate a5
a substrate by Alkaline Phospha Test Wako (Wako Pure
Chemicals Industries, Ltd., Osaka, Japan) and the protein
content was measured using the bicinchoninic acid (BCA)
protein assay kit (Pierce).

Transfectants were treated with or without thBMP-2 tor 3
days and ALP activity was measured as mentioned previously.

- Immunofluorescence for troponin T

C2C12 cells were cultured in DMEM supplemented with
10% FBS in the absence or presence of 300 ng/mi of
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thBMP-2 and 25 pM of PD93059 on a Lab-Tek chamber
slide (Nunc, Roskilde, Denmark) for 3 days. Cells were
fixed with®.7% forntildehyde for 15 minutes at room
temperature and permeabilized with 0.5% Triton-X 100 in
PBS. After washing the cells with PBS twice and blocking
with 5% normal goat serum in 0.1% Tween 20~containing
PBS (T-PBS), they were incubated for 1 h with mouse
anti-troponin T (TnT) monoclonal antibody (Sigma, Tokyo,
Japan} at 1:200 dilution at room temperature. The cells were
washed three times with T-PBS and incubated for 30 min-
utes with flucrescein isothiocyanate (FITC}-conjugated
anti-mouse secondary antibody at 1:200 dilution (Santa
Cruz Biotechnology, Inc.). Immunofiuorescence for TnT
was followed by ALP staining. The cells were observed
using a fluorescence microscopy 1X-70 (Olympus, Tokyo,
Japan) attached with a camera. The number of total TnT* or
ALP™ cells was counted in five microscopic fields of one
experiment and the percentage of positive cellstotal cells
was calculated. Total number of the cells was counted over
2000 in one experiment. Three duplicated experiments were
done independently.

OCN secretion

The amount of OCN secreted into the culture medium
between day 4 and 6 was determined by radicimmunoassay
using the mouse osteocalcin immunoradiometric assay
(IRMA) kit (Immutopics, Inc., San Clemente, CA, USA)},
Because the MEK inhibitor showed cellular growth inhibi-
tion, OCN secretion was normalized to the total cellular
protein content.

Alizarin red S sraining and calcium content in
mineralized nodule assay

C2C12 cells were cuftured in DMEM containing 10%
FBS, 50 pg/ml of ascorbic acid (Invitrogen Life Technol-
ogies), and 10 mM of B-glycerophosphate (Sigma) in the
absence or presence of 300 ng/ml of thBMP-2 and 25 uM
of MEK inhibitor for 12 days for mineralized nodule assay,
MC3T3-El cells were cultured in o-MEM containing 10%
FBS and 10 mM of B-glycerophosphate in the absence or
presence of 50 ng/ml of thBMP-2 and 25 uM of PD98059
for 15 days. The medium was replaced every 3 days. For
alizarin red § (Sigma) staining to detect mineralized nod-
ules, the cells were washed with deionized water after being
fixed for 15 minutes with 3.7% formaldehyde at room
temperature and stained with alizarin red S at pH 6.3.

To measure calcium content of the nodule, 500 pl of 0.6N
HCI was added to each well to decalcify mineralized nod-
ules after fixation of the cells.™ After 24 h, calcium con-
tent in the supernatant was determined using the
o-cresolphthalein complexon color development method by
the Calcium Test Wako (Wako Pure Chemicals Industries,
Ltd.). Duplicated wells were used to determine the protein
content.

Immunoblotting

After cells were cultured with various treatments for 3 days,
they were lysed rapidly in ice with Laemmli’s SDS sample
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buffer (62.5 mM of Tris-HCI, pH 6.8, 29 SDS, 10% glycerol,
and 0.01% phenol red)*"? containing 40 mM of dithiothreitol
with a cell scraper. These samples were subjected to SDS
4-20% gradient PAGE (Daiichi Pure Chemicals Co, Ltd.,
Tokyo, Japan) for detection of MAPK or 10% for TnT, myosin
heavy chain (MHC), MyoD, and B-actin, Proteins were trans-
ferred to nitrocellulose membranes (Bio-Rad Laboratories,
[ic., Hercules, CA, USA). The membranes were immunoblot-
ted with primary antibodies in T-PBS containing 1% bovine
serum albumin (BSA; Promega) overnight after [-h blocking
with T-PBS containing 3% BSA. Anti-MAPK antibody (New
England Biolabs, Inc.) and anti-phosphoMAPK antibody
(New England Biolabs, Inc.) were used as the primary anti-
body at 1:1000 dilution. Anti-TnT antibedy, anti-MHC anti-
body (MF-20; Developmental Studies Hybridoma Bank, Towa
City, 1A, USA), and anti-B-actin antibody (Chemicon Inter-
national, Temecala, CA, USA) were used at 1:200. The mem-
brane was incubated for 30 minutes with secondary antibodies
(anti-rabbit or anti-mouse immunoglobulin G [IgG] Fe ALP
conjugate; Promega) ar 1:7500 dilution after wash for 10
minutes in T-PBS three times. Immunoreactive bands were
visualized by incubation of the membrane in the mixture of
NBT and BCIP in ALP buffer mentioned previously.

Phosphorylation level of MAPK

For relative estimation of phosphorylation of MAPK, the
blot membrane was scanned with a GT9500 flat scanner
(Epson, Tokyo, lapan) and analyzed with the National In-
stitutes of Health (NTH) image software.

An immunoreactive band of phosphorylated p42 MAPK
was distinguished from that of nonphosphorylated pd2
MAPK by SDS 4-20% gradient PAGE. The standard ab-
solute phosphorylation level of p42 MAPK was estimated
using the membrane that was immunoblotted by anti-
MAPK antibody as the following equation:

standard absolute phosphorylation level of p42 MAPK =

pp42 band signal
total p42(p42 band signal + pp42 band signal)

X 100(%).

The signal closest to 50% was used to calculate a standard
absolute phosphorylation level of MAPK and avoided the
interference with pp42 and p42 immunoreactive band signal
when the large difference exists between these two.2%
Relative phosphorylation level was estimated from the sig-
nal of phosphorylated p42 in membrane blotted by anti—
phospho-MAPK antibody, which was normalized with the
signal of total p42. Each absolute phosphorylation level was
estimated as the following equation:

each phosphorylation level of p42 MAPK =
standard absolute phosphorylation level of p42 MAPK

X relative phosphorylation level,

RNA blot

Total RNA was extracted using TRIZOL reagent (Invitro-
gen Life Technologies). Ten micrograms of total RNA was
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FIG. 1. Effects of the MEK-1 in-
hibitor PD9305Y on the phosphor-
ylation level of MAPK and the dif-
ferentiation of C2CI2 cells. {A)
PDY8059 reduced the phosphory-
lation level of MAPK in a dose-
depenclent Fashion. Cells were cul-
tured in DMEM supplemented with
10% FBS and MEK-} inhibitor for
3 days. (B) ALP staining (a—d) and
immunofluorescent  staining  for
TnT (e-h) were caried out. In the
absence of 300 ng/mtl of thBMP-2,
the percentage of TnT™ cells was
increased by the treatment with
PD93059 (f). In the presence of
rhBMP-2, the number of ALP*
cells was increased (d). C2CI12
cells were cultured with [0% FBS
in the absence or presence of 300
ng/ml of thBMP-2 and 25 M of

PD98059 for 3 days. (C) Three
myogenic marker (ToT, MHC, and
MyoD) levels were increascd in
C2C12 cells treated with PD98059
for 3 days in a dose-dependent
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electrophoresed in 1% agarose-formaldehyde gels and
transferred onto Hybond N* nylon membrane (Amersham
Pharmacia Biotech, Tokyo, Japan). Twenty-five nanograms
of the probes was radiolabeled with [a-"*Pldeoxycytidine
5'-triphosphate (dCTP) using the Rediprime II DNA Label-
ing Systern (Amersham Pharmacia Biotech). The fragments
of rat ALP cDNA®® and mouse OCN ¢cDNA®* were used
as probes. The membranes were prehybridized, hybridized
using Rapid-Hyb Buffer (Amersham Pharmacia Biotech)
with radicactive probes, and then washed with 2X 8SC
containing 0.1% SDS or 0.2X SSC containing 0.1% SDS.
The hybridized blots were exposed to an imaging plate at
room temperature and relative levels of mRNA were calcu-
lated by a laser scanning densitometer (Fuji BAS 2000; Fuji,
Tokyo, Japan).

Statistic analysis

Data are expressed as mean 2 SD in all figures. Statistical
significance was analyzed by Student’s t-test.

RESULTS

Effects of the MEK-1 inhibitor on the phosphorylation
of MAPK and morphology in C2CI2 pluripotent
mesenchymal cells

The phosphorylation level of MAPK was reduced by the
treatment with MEK-1 inhibitor PD9805% in C2CI12 cells in

%ALP-POSITIVE % TaT-POSITIVE

10 20 300 2 4 6% manner. Data showed mean * five
independent experiments. {bar =
50 pm; *p < 0.05 compared with

PD98059-untreated control).

CELL

CELL
PD32059 (uM) E;’s

a dose-dependent fashion (60.5 = 8.26% to 28.9 = 16.4%
at 0-100 uM, Fig. 1A).

Morphologically, C2CJ2 cells revealed a spindle-shape
{(Fig. 1B, a and b) and expressed small amount of TnT, a
myogenic marker (Fig. 1B, €) cultured in DMEM supple-
mented with 10% FBS in the absence of thBMP-2. When
cells were treated with 25 uM of MEK-1 inhibitor in the
absence of rhBMP-2, the percentage of TnT* cells was
increased ~4.9-fold (0.87 = 0.97% to 4.30 * 1.88%; Fig.
1B, e and f, lower right graph). In the presence of 300 ng/mi
of rhBMP-2, the cell shape changed to polygonal (Fig. 1B,
c and d). ALP" cells appeared, whergas TnT* ones disap-
peared (Fig. 1B, c, d, g, and h). The percentage of ALP™
cells was increased 1.9-fold after the treatment with 25 pM
of PD98059 (11.8 = 3.34% t0 22.5 * 6.46%; Fig. 1B, c and
d, lower left graph). Myogenic differentiation was also
detected by the immunoblotting with TnT, MHC, and
MyoD antibodies (Fig. 1C). Expression of these myogenic
markers was increasing by the treatment with MEK-1 in-
hibitor even in the presence of 10% FBS. Together, these
results indicated that the MEK-1 inhibitor PD980359 stimu-
lated both myogenic and osteogenic differentiation of
C2C12 cells. . '

Effects of the MEK-1 inhibitor on the ritBMP-2-
induced osteoblastic differentiation in C2CI2 cells

To further evaluate the effects of MEK-1 inhibitor on U
osteoblastic differentiation, ALP staining was carried out (o
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FIG. 2. Effects of PD98059 on the osteoblastic differentiation of C2C12 cells stimulated with rhBMP-2. (A) Tota! ALP activity in each well
was synergistically increased in both rhBMP-2 and MEK-1 inhibitor in a dose-dependent fashion. The wells were stained with ALP after the
culture for 3 days. (B) Effects of rhBMP-2 and PD98059 on ALP activity were synergistic. (C) OCN secreted from C2C12 cells by treatment with
300 ng/m! of thBMP-2 was decreased in PD98059 in a dose-dependent fashion, C2C12 cells were cultured for 6 days. QCN in the culture media
between day 4 and 6 was determined by radicimmunoassay. (D) mRNA levels of ALP and OCN stimulated with 300 ng/ml of thBMP-2 were
assayed by RNA blot analysis. Transcriptional level of OCN was slightly decreased after the culture for 6 days but incrsased after the culture for
3 days. The same amount (10 p.g) of total RNA was applied to each lane, {E) The MEK-1 inhibitor promoted bone mineralization in the presence
of 300 ng/ml of rhBMP-2. Calcium nodules were stained with alizarin red S. Data represent mean * SD of three independent experiments (*p <

0.05 compared with PDY8059-untreated contral; #p < 0.005).

visualize the total ALP activity of C2C12 cells (Fig. 2A).
thBMP-2 stimulated ALP activity in C2CI2 cells in a
dose-dependent fashion (0-300 ng/ml) and ALP activity
was increasing also by the treatment with MBK-1 inhibitor
in a concentration-dependent manner (0—100 pM). Figure
2B clearly shows that thBMP-2 and PD98059 synergisti-
cally increased ALP activity. RNA blot analysis confirmed
the increase of the ALP transcriptional level by the treat-
ment with MEK-1 inhibitor after incubation for both 3 days
" and 6 days (Fig. 2D, left panel).

Three hundred nanograms per milliliter of rhBMP-2 in-
duced OCN secretion from C2C12 cells. In contrast to ALP
activity, OCN secretion from C2CI12 cells between day 4
and 6 decreased in the presence of PD98059 in a dose-
dependent fashion (0-100 uM; Fig. 2C, right five bars).
OCN mRNA level also was decreased slightly by the treat-
ment with PD98059 for 6 days, which was consistent with
OCN secretion, and it was increased at day 3 (Fig. 2D, right
panel),

Alizarin red S staining indicated that 300 ng/m! of
rhBMP-2 induced mineralization of ECM of C2C12 cells
and that the additional treatment with 25 uM of MEK-(
inhibitor enhanced the calcium deposition (Fig. 2E,
panel). Calcium content in the mineralized nodules
formed by these cells stimulated with both 300 ng/m! of
rhBMP-2 and 25 uM of PD98059 was increased 1.8-fold
u4s compared with that stimulated with 300 ng/ml of
thBMP-2 only (Fig. 2E).

Effects of overexpression of constitutively active or
dominant-negative MEK-1 on rhBMP-2—induced
osteoblastic differentiation of C2C12 cells

To further confirm the involvement of MAPK signaling
on the osteoblastic differentiation, we established two
C2C12 cell clones stably expressing constitutively active
MEK-1 (CAI and CA2), two clones expressing dominant-
negative mutant (DN and DN2), and cne mock vector—
expressing clone as a control. Immunoblot analysis con-
firmed the expression of HA-tagged MEK-1 in CAl, CA2,
DNI, and DN2 (Fig. 3A, upper panel). When parental
C2CI12 cells and five transfectants were cultured in DMEM
supplemented with 10% FBS for 3 days, the phosphoryla-
tion level of MAPK was 56.4% in mock transfectant and
>80% in CA transfectants (83.8% in CAl and 86.1% in
CA2) and relatively lower (42.7% in DNI and 52.5% in
DN2) in DN transfectants (Fig. 3A, middle and lower pan-
els).

Morphologically, DN transfectants showed a fibroblast-
like shape and their nucleus shape was clear (Fig, 3B, ¢ and
d), and two CA transfectants represented a round to spindle-
shape with an unclear nucleus under phase-contrast micros-
copy (Fig. 3B, e and f).

DN transfectants showed higher ALP activity than the
mock transfectant, whether they were treated with or with-
out thBMP-2 (Fig. 3C). In contrast, both CAl and -2
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