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ANALYSIS OF RADIOCARPAL AND MIDCARPAL MOTION IN RA
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Range of motion (*) Contibution ratio(%)

120 normal

(n=10)

normal RA

ERadiocarpgijaint @ Midcarpal joint

FIGURE 3: Average range of motion and contribution ratios of the
radiocarpal and midcarpal joint in the flexion-extension plane in
normal and RA wrists. The contribution ratio is the percentage
contribution of radiocarpal or midcarpal motion relative to the total
amount of wrist motion.
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FIGURE 4: Scattering diagram of the range of the radiocarpal and
midcarpal motion in the flexion-extension plane in stable and
unstable forms of RA wrists and in normal wrists: @, stable form of
RA (19 cases); 4, unstable form of RA (11 cases); %, average range
of motion in 10 normal wrists (63° in the radiocarpal joint and 47° in

the midcarpal joint).

midcarpal joint (p < .05) and the whole wrist joint, that is,
the total for the radiocarpal and midcarpal joints (p < .01),
significantly supinated in the unstable-form group compared
with the stable-form group. Regarding out of the plane
motion (RD/UD), we found no significant difference (p <
.05) between the 2 groups (Table 3).

DISCUSSION

Kinematic evaluation of rheumatoid wrists by x-ray has
been difficult because of the complicated and overlapping
shapes of the carpal bones. In the current study, we

!.P :/ N R
<z

; W ﬁk;j) \ '
A\ VB % / ‘;
FIGURE 5: Flexion-extension motions of the lunate and capitate
relative to the radius in the stable and unstable forms of RA wrists,
viewed from the ulnar side. [} Representative case of the stable form
of RA, shown in Figure 1A, in which the range of motion in the
flexion-extension plane was 40° in the radiocarpal joint and 5°in the
midcarpal joint (Video 1, a 3-dimensional animation of a
representative case of the stable form of RA wrist, may be viewed at
the Journal’s Web site, www.jhandsurg.org). [i3}l Representarive case
of the unstable form of RA, shown in Figure 1B, in which the range
of motion in the flexion-extension plane was 37° in the radiocarpal
joint and 83° in the midcarpal joint (Video 2, a 3-dimensional
animation of a representative case of the unstable form of RA wrist,
may be viewed at the Journal’s Web site, www jhandsurg.org).
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quantitatively evaluated the amount of radiocarpal and
midcarpal motion in the flexion-extension plane of the
rheumatoid wrists using 3-D CT. We also elucidated the
relationship between the contribution of midcarpal motion
to the total amount of wrist motion in the flexion-extension
plane and the radiographic subtypes of RA.

We found that the contribution of midcarpal motion to
the total amount of wrist motion in the flexion-extension
plane was significantly greater in the unstable form than in
the stable form of RA (Table 3 and Fig. 6). This result may
seem counterintuitive because of the radiographic
appearance of the unstable form of RA in which all parts of
the wrist joints are severely damaged. We speculate that our
results can be accounted for mainly by stronger skeletal
constraints in the midcarpal joint than in the radiocarpal
joint. The midcarpal joint has its own self-stabilizing
mechanism; when the trapezium is axially loaded against the
scaphoid, the flexion moment by the scaphoid is constrained
by the extension moment experienced by the triquetrum,
and stable equilibrium is achieved. * Moreover, the
midcarpal joint is proved to have an adaptive mechanism
whereby the concave and convex joint surfaces allow
preservation of articular congruity.'® On the other hand, the
stability of the radiocarpal joint depends on ligamentous
constraints. In the radiocarpal joint, the carpal bones tend to
slide ulno-palmarward on the sloping plane of the distal
radius, and the displacement is resisted by the palmar and
dorsal radiotriquetral and palmar RL ligaments.?* It is likely
that the radiocarpal joint in which joint stability depends on
ligamentous constraints easily loses its stability, particulady in
the unstable form of RA.

Scapholunate dissociation can be associated with RA
wrist by the multiple laxities of ligaments including the
dorsal scapholunate ligament, especially in the unstable form
of RA. In the current study, S-L dissociation occurred in 7
of 11 wrists in the unstable form of RA; however, it did not
occur in any of the 19 wrists in the stable form. This may
have the relationship to our results that the range of
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Range of motion (*) Contribution ratio (%)

Stable form

Unstable form

Stable form

{-D Radiocarpal joint B decarpaﬁanq

FIGURE 6: Average range of motion and the contriburtion ratios of
the radiocarpal and midcarpal joints in the flexion-extension plane in
the stable and unstable forms of RA wrists. The contribution ratio is
the percentage of the contribution of the radiocarpal motion or
midcarpal motion relative to the rotal amount of wrist motion.

radiocarpal motion in the unstable form in the flexion-
extension plane was significantly less than that in the stable
form. In the normal wrists, if the interosseous ligament
between scaphoid and lunate is disrupted, the scaphoid tends
to flex and the lunate tends to extend and the congruity of
the radiocarpal joint is lost.”* These tendencies may lead to
the loss of the range of radiocarpal motion.

Regarding the motion of the wrists outside the flexion-
extension plane, we found RA wrists significantly deviated
ulnarly during flexion motion compared with normal (Table
2). This may be related to the unique motion patterns of the
midcarpal joint. It has been reported that the essential plane
of motion of the midcarpal joint is oblique to the anatomic
planes, which corresponds with extension with radial
deviation and flexion with ulnar deviation—the so-called
dart-throwing motion.’® Under the severe destruction of the
radiocarpal joint in RA, especially in the unstable form, it is
possible that the preserved midcarpal function facilitates the
dart-throwing motion rather than the pure flexion-extension
motion. This dart-throwing motion seems to be helpful for
patients with RA because the oblique motion is used in
performing many tasks of daily living such as hair combing,
washcloth wringing, shoe tying, and can-opening.?**

Most clinical reports have asserted that osseous
procedures such as partial fusions of compartments of the
joint are recommended to stabilize wrists with RA." It has
been suggested that RL arthrodesis is indicated only in the
middle stage of the osteoarthritis type of RA and that other
types such as the unstable form of RA may be better treated
by total wrist arthrodesis.” However, reconsideration is
needed because total wrist arthrodesis involves considerable
loss of wrist function. Borisch and Haussmann'® reported
that the RL arthrodesis was able to reestablish the midcarpal
joint and that the carpus showed an amazing capacity of
adaptation. Ishikawa et al'! suggested that radiocarpal fusion
resulted in good stability with preservation of motion despite
radiographic progression of the disease. Our results showing
that the midcarpal motion in the unstable form of RA was

better preserved than previously thought may support more
positive application of RL arthrodesis in certain cases with
the unstable form of RA. However, our results do not
predict wrist function perfectly after RL arthrodesis in
ongoing disease, because previous researchers reported that
although the midcarpal joint space was generally preserved
after radiocarpal arthrodesis, some wrists lost the joint space
and became stiff. !

The current study has some limitations. The most
important limitation is that we compared data on patients
with RA based on CT images with data on normal
volunteers based on MRI. However, we quantified the
range of joint motion as the rotational angle of the carpus
relative to a reference system established in the radius. The
way in which the images are acquired may not affect the
overall results if it is under the accuracy of volume-based
registration. A second limitation of this study is that the
patients with RA wrists were not fully matched for age and
gender with the normal-wrist volunteers. The results might
have been different if these demographic parameters of the
study groups were identical. A further limitation is that
during image acquisition, we were unable to use the
position-holding device in the R A patients to maintain the
neutral, maximum flexion, and extension positions because
of symptomatic pain and wrist deformity. Because the
patients used their own muscle power to hold their wrists in
position, the positions recorded may not have been precisely
maximum flexion and maximum extension.

Nevertheless, the results of this study may be useful in
establishing a treatment plan in advanced cases of RA. Even
some cases in the stable form of RA wrist may be treated by
RL fusion, particularly the cases in which the midcarpal
joint space is not visible on x-ray but the midcarpal motion
is preserved under the 3-D investigation. Based on our
findings of the preservation of a great amount of motion at
the midcarpal joint in rheumatoid patients with symptomatic
wrists, we believe that our study rationally supports the
application of RL arthrodesis rather than total wrist
arthrodesis as treatment in appropriate RA patients.
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Abstract The purpose of this study was to clarify
variations in patterns of flattening in rheumatoid hindfoot.
Out of 232 outpatients with rheumatoid arthritis treated at
our hospital from 2001 to 2003, we studied lateral radio-
graphs of feet of 216 patients (423 weight-bearing views).
We measured the medial arch angle (MAA) and talar angle
(TA) and compared the alignment of the talonavicular
joint-sagittal plane of each foot. We also evaluated the
relationship between the severity of flattening and inclina-
tion of the talus and performed cluster analysis. Three
groups were clustered by MAA and TA. In group I, joints
were normal or close to normal. In group II, both
talonavicular and subtalar joints were affected. In group
111, talonavicular joints were minimally affected, and the
subtalar joints were primarily affected. Groups II and II
were thought to be a different pattern of flattening. The
present results suggest that there are at least two patterns of
flattening in rheumatoid hindfoot.

Keywords Flatfoot - Hindfoot - Radiography -
Rheumatoid arthritis
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Introduction

Rheumatoid arthritis (RA) causes numerous joint disorders
and is associated with a high incidence of foot lesions.
Approximately 90% of RA patients exhibit positive
radiological changes in the foot [1, 2]. In a study by
Vidigal et al. [3], radiological examination revealed that
26% of the RA patients had disorders of the ankle and that
32% had subtalar joint disorders [11]. In a study by Resnick
and Niwayama [4, 5], the subtalar joint was affected in 29%
of the RA patients, the talocalcaneonavicular joint was
affected in 39%, and the calcaneocuboid joint was affected
in 25%. In a study by Spiegel and Spiegel [6], 25% of the
patients who had had RA for >5 years had an abnormal
hindfoot valgus on weight-bearing. Reports indicate that
pes planovalgus is a common feature of rheumatoid
hindfoot deformity in RA patients [1, 7, 8]. In rheumatoid
hindfoot deformity, soft tissue inflammation occurs under
weight-bearing conditions in the hindfoot joints, with
subsequent loss of articular cartilage, erosion of the
talonavicular and subtalar joints, and possible posterior
tibial tendon dysfunction. This causes the talar head to fall
downwards towards the medial side of the foot in the
planter direction, and causes the calcaneus to drift into the
valgus, leading to pes planovalgus deformity of the hind-
foot [9-11].

It is unclear how duration of RA is related to the type
and severity of displacement of each part of the foot. There
have been no reported studies of the types of flatfoot
deformities. During daily clinical imaging, we see patients
who have flatfeet with severe valgus deformities or highly
flattened feet without valgus. Consequently, we hypothesize
that flatfoot deformity occurs in several different forms.

@ Springer
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In the present large-scale radiographic study, we sought
to determine whether there are variations in rheumatoid
flatfoot deformity.

Materials and methods

We examined standard X-rays of ankle joints obtained from
2001 to 2003 from 232 patients who satisfied the American
College of Rheumatology criteria for RA [12]. We excluded
41 feet from the present study due to previous arthrodesis
or ankle joint replacement (30 feet), or because the X-rays
were unreadable (11 feet). The remaining 216 RA patients
(423 feet) were included in the present study, including 26
patients (34 feet) who had undergone forefoot operations,
e.g., metatarsal decapitation or MTP arthrodesis. The
subjects comprised 28 men and 188 women, with an age
range of 23 to 84 years (mean, 57.0 years). We did not
assess the history of drug administration, including steroids,
or the duration of RA.

Radiographic procedure

Lateral X-ray images of bilateral ankle joints were obtained
from each patient at the time of final examination. X-rays
were then taken in the weight-bearing position. The patient
was instructed to stand on one foot, on a platform that was
several centimeters high. The incidence ray was perpendic-
ular to the center of the Chopart joint. The horizontal image
included the entire foot from heel to toes.

Measurements

Radiographic measurements were performed on the basis of
standard X-ray views. We studied the radiographs of each
foot and measured the following three items.

Medial arch angle

According to the criteria of Bouysset et al. [10, 13-15],
flatfoot is defined as a medial arch angle (MAA) of >130°
(Fig. 1a). In Bouysset’s method {10, 13, 14], the MAA is
formed by the intersection of two lines. The first line
extends from the lowest point of the sesamoid to the lowest
point of the talonavicular joint. The second line is formed
by aligning the first line with the lowest point of the
calcaneus. We classified feet into the following three
groups: MAA<118° (MAA<118° group); 118°<MAA<
130° (118°<MAA<130° group); MAA>130° (MAA>
130° group). A fourth group, the MAA<130° group, was
created by combining the MAA<118° and 118°<MAA<
130° groups.

@ Springer
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Fig. 1 a Measurement angles on lateral radiograph: MA4A medial arch
angle, 74 talar angle. b TN+ indicates that the difference between the
lengths of the two perpendiculars is >3 mm. TN- indicates that the
difference is <3 mm. The first line extends from the distal upper edge
of talus to the floor, and the second line runs from the proximal edge
of the navicular

Talar angle

The talar angle (TA) is the angle between the axis of the
talus and the horizontal plane created by contact between
the foot and the floor. The axis of the talus was determined
using Tomeno’s method [10, 13, 16]: The tangents of the
upper and lower surfaces of the talus form an angle; the
bisector of this angle is the axis of the talus.

Alignment of talonavicular joint-sagittal plane (TN)

To determine the alignment of the talonavicular joint, a
vertical line is drawn from the distal upper edge of the talus
to the floor, and vertical line is drawn from the proximal
upper edge of the navicular to the floor (Fig. 1b). Based on
the difference in length between these two vertical lines, we
classified the feet into two categories: (1) difference in
length >3 mm (TN+ group); (2) difference in length <3 mm
(TN- group).

Statistical analysis

Data were analyzed using the analytical software JMP IN
5.1. We performed ¢ tests to assess the significance of
differences in average MAA and TA values between the
MAA<130° and MAA>130° groups. We performed
hierarchical cluster analysis with Euclidean distance using

- 451 -



Clin Rheumato] (2008) 27:733-737

735

the Ward method, to determine whether the participants
could be divided into groups based on a combination of
MAA and TA. To assess the significance of differences
between the TN+ and TN— groups, we performed the F test
and x? test as appropriate.

Results
Medial arch angle

The measured MAA values ranged from 90° to 158° (mean+
SD, 128°+10.35; Table 1). The MAA<118° group
comprised 55 feet (13%), the 118°<MAA<130° group
comprised 198 feet (47%); and the MAA>130°
group comprised 170 feet (40%).

Talar angle

The measured TA values ranged from 8° to 58° (mean=+SD,
29°+7.15).

Alignment of talonavicular joint-sagittal plane

The TN+ group comprised 70 feet (16.5%), and the
TN~— group comprised 353 feet (83.5%).

Correlation between MAA and TA

The scatter plot with TA on the y-axis and MAA on the
x-axis is shown in Fig. 2. There was a statistically
significant correlation between MAA and TA (r=0.448).
The mean TA of the MAA>130° group was 33.0°. The
mean TA of the MAA<130° group was 27.0°. TA was
significantly greater for the MAA>130° group than for the
MAA<130° group (p<0.0001). Within the MAA>130°
group, there was no statistically significant correlation
between MAA and TA (#=0.1453; Fig. 3).

Table 1 Type of deformation by medial arch angle, mean of the talar
angle, and talonavicular instability numbers

Type of deformation TA mean angle TN+ TN-

Number
MAA<118° 24.2° (8-37) n=55 (13%)

1 54
118°<MAA<130° 27.74° (13-50) n=198 (47%)

17 181
130°<MAA 33.03° (17-58) n=170 (40%)

52 118

60

50

Taral Angle (TA)

20

| LY DL DALY UL UL S
100 110 120 130 140 150 160
Medial Arch Angle (MAA)

Fig. 2 Scatter diagram of all feet. MAA correlates slightly with TA
(r=0.4477)

Correlation between MAA and TN

In the MAA>130° group, there were 52 TN+ feet and 118
TN- feet. In the MAA<130° group, there were 18 TN+
feet and 235 TN-— feet. The chi-square test indicated that
there was a significant difference in the frequency of TN+
feet between the MAA<130° and MAA>130° groups
(p<0.0001).

Cluster analysis

As a result of the cluster analysis, the patients were divided
into three groups: groups I, II, and III (Fig. 4). During
clustering, one outlier (TA, 8% MAA, 108°) was eliminated.

Group I comprised 273 feet (64.5%) and had the
following characteristics: average MAA, 122°; average
TA, 26.9°% 16 feet were TN+; 157 feet were TN—. Group
Il comprised 33 feet (7.8%) and had the following
characteristics: average MAA, 143°; average TA, 45°; 27
feet were TN+; 5 feet were TN—. Group III comprised 116
feet (27.4%) and had the following characteristics: average

60— -
»* »* TN+
50 *k - *‘* O TN-
£ ] **!o * n* . ¥
%40— * Ok 4 onO - °e °
27 ralop o g
< 4 * ° #*0
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18 o g °o° ) * ° °
°
2043 o .
. o °
T

T —T T T T T

T T T T T 1
130 135 140 145 150 155 160
Medial Arch Angle (MAA)

Fig. 3 The 170 feet in which MAA>130°. MAA does not correlate
closely with TA (r=0.1453)
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Group I +
GroupII -
GroupIl x

Taral Angle (TA)

GroupIll

T T 1 v 1T T 71
100 110 120 130 140 150 160
Medial Arch Angle (MAA)
Fig. 4 Cluster analysis produced three groups. The white circle at the
lower left was eliminated as an outlier. Group I is close to normal feet.
Group II represents increased MAA and TA. In group III, MAA is
increased, but TA is not generally increased

MAA, 138°; average TA, 31.2°; 27 feet were TN+; 89 feet
were TN—. There were statistically significant differences in
MAA, TA, and TN between groups I, II, and III (Table 2).

Discussion

Generally, flatfoot is related to a decrease in the length of
the longitudinal arch. The measurements commonly used to
evaluate flatfoot include the calcaneal pitch, TA, MAA, and
first metatarsal pitch [17, 18]. When Bouysset et al.
measured the internal arch angle (MAA), TA, and calcaneal
angle of 397 RA feet, they found no significant difference
in the calcaneal angle between patients with and without
pain. That indicates that in flatfoot, the calcaneus is not
flattened in the lateral X-ray view [10]. Therefore, in the
present study, we defined MAA and TA according to the
criteria of Bouysset et al., and we examined the alignment
of the talonavicular joint.

In the abovementioned study by Bouysset et al., 15.4% of
feet had an MAA of <118°, 58.9% of feet had an MAA of
>118° and <130°, and 25.7% of feet had an MAA of >130°

Table 2 Intergroup data analysis

Group I Group I Group III Test for
(n=273) (n=33) (n=116) group
difference
(p value)
MAA (mean 122+ 143+ 138+6.62  F=356.11
angle=+SD) 5.97 7.60 p<0.0001
TA (mean 26.9+ 45.0+ 31.2+5.45 F=191.14
angle+SD) 5.06 457 p<0.0001
TN+ (feet) 16 27 27 p<0.0001
TN- (feet) 257 5 89

Statistically significant differences in the three groups were observed.
MAA and TA were analyzed by F test, and TN was analyzed by x” test.

@ Springer

[10]. In the present study, 40% of feet had an MAA of >130°;
this is a higher proportion of flatfoot than in the above-
mentioned study by Bouysset et al. In a study by Spiegel and
Spiegel [6], flattening of the longitudinal and horizontal arch
was observed in 46% of the patients with RA. The present
results are consistent with these previous findings.

The most severe radiological changes in hindfoot joints
occur as the joint space narrows and erosion occurs in the
talonavicular joint. Changes also occur in the subtalar joint
and the calcaneocuboid joint [7, 13]. Tibialis posterior
tendon dysfunction or tears contribute to pes planovalgus
deformity of RA feet [19, 20]. It is thought that these
displacements in RA feet cause the head of the talus to fall
downwards towards the medial side of the foot, cause the
calcaneus to drift into valgus pronation, and cause
subsidence of the navicular.

In the present large-scale study, in which we measured
MAA, TA, and TN, we did not find a correlation between
MAA and TA in cases of flatfoot (MAA>130°; r=0.1463),
but we found a significant overall correlation between
MAA and TA (»=0.4477). This indicates that the severity
of flatfoot does not correlate with the extent of dislocation
of the talus. This suggests that the talar head does not
necessarily fall down in serious flatfoot, and that there are
distinctly different patterns of deformation. Using cluster
analysis, we classified the present subjects into three groups
(groups I, I1, and III) based on a combination of MAA and
TA. We found that there are various patterns of deformation
in RA flatfoot. Group I was closest to normal feet with
minimal-to-no dislocation. Group II represents plantar
dislocation of the talar head and subluxation of the

Fig. 5 Rheumatoid arthritis, lateral weight-bearing radiographs.
a Group II: The image shows planter flexion of talar head and
instability of talonavicular joint. b Group III: The image shows that
the talonavicular joint is minimally affected, and shows instability of
subtalar joint
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talonavicular joint; both the subtalar and talonavicular joint
are affected. In group III, the talonavicular joint was not
generally affected, but the subtalar joint was primarily
affected. This indicates that the feet in group III were
flattened without destruction of the talonavicular joints
(Fig. 5). Groups II and III appear to involve different
patterns of flattening.

To examine valgus deformity in terms of rheumatoid
flatfoot, we evaluated horizontal displacement of the
calcaneus. However, we did not evaluate anteroposterior
X-ray images of the calcaneus, and we did not evaluate
horizontal displacement of the navicular to talar head,
because the angle measurement in the frontal view of the
ankle joint was not reliable. Accurate examination of valgus
deformity may require three-dimensional evaluation with
computed tomography (CT) and magnetic resonance
imaging (MRI). However, because we believe that CT and
MRI are impractical for a large-scale study of such
deformation patterns, we used lateral X-ray images. Even
with evaluation of only two parameters (tilting of the talus
and alignment of talonavicular joint), we clearly identified
deformation patterns. In addition, we preferred to focus our
research on the extent of disorders in the talonavicular,
subtalar, and calcaneocuboid joints.

The present results are also useful for choosing treatment
methods, and for the choice of surgical intervention based
on the pattern of joint destruction.

Conclusion

There are at least two distinct types of deformation of
rheumatoid flatfoot. The present results are important for
evaluating deformation in such cases, and are useful for
choosing treatment options.
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Smad?7 Inhibits Chondrocyte Differentiation at Multiple Steps
during Endochondral Bone Formation and Down-regulates
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Bone morphogenetic proteins (BMPs) play critical roles at vari-
ous stages in endochondral bone formation. In vitro studies have
demonstrated that Smad?7 regulates transforming growth factor-g
and BMP signals by inhibiting Smad pathways in chondrocytes.
However, the in vivo roles of Smad7 during cartilage development
are unknown. To investigate distinct effects of Smad7 at different
stages during chondrocyte differentiation, we generated a series of
conditional transgenic mice that overexpress Smad7 in chondro-
cytes at various steps of differentiation by using the Cre/loxP sys-
tem. We generated Col11a2-lacZ*%-Smad?7 transgenic mice and
mated them with three types of Cre transgenic mice to obtain
Smad7"™, Smad 757, and Smad7***™*™ conditional transgenic
mice. Smad7"™ mice overexpressing Smad? in condensing mes-
enchymal cells showed disturbed mesenchymal condensation
associated with decreased Sox9 expression, leading to poor carti-
lage formation. Smad7' "™ mice overexpressing Smad? in round
chondrocytes showed decreased chondrocyte proliferation rates.
Smad7**™™ mice overexpressing Smad? in flat chondrocytes
showed inhibited maturation of chondrocytes toward hypertro-
phy. Micromass culture of mesenchymal cells showed that BMP-
induced cartilaginous nodule formation was down-regulated by
overexpression of Smad7, but not Smadé. Overexpression of
Smad7, but not Smadé, down-regulated the phosphorylation of
p38 MAPKSs. Our data provide in vivo evidence for distinct effects
of Smad? at different stages during chondrocyte differentiation
and suggest that Smad7 in prechondrogenic cells inhibits chondro-
cyte differentiation possibly by down-regulating BMP-activated
p38 MAPK pathways.

The transforming growth factor-g (TGF-8)* superfamily
regulates cell growth and differentiation in a variety of tissues.
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This family includes three major subfamilies: TGFs-g, activins,
and bone morphogenetic proteins (BMPs). Signaling by mem-
bers of the TGF- B superfamily is transduced through type I and
II serine/threonine kinase receptors (1). Upon ligand binding,
type Il receptors phosphorylate type I receptors. Next, type I
receptors phosphorylate downstream targets. Receptor-regu-
lated Smads (R-Smads) are phosphorylated by type I receptors
(2). Smad1, Smad5, and Smad8 are R-Smads that transduce
BMP signals, and Smad2 and Smad3 are R-Smads that trans-
duce TGF-pB and activin signals. Phosphorylated R-Smads form
heteromers with Smad4, which is a common-partner Smad
(referred to as Co-Smad), and translocate into the nucleus.
There, they interact with transcription factors and activate
gene transcription. Although the Smad pathway exists in
most cell types and tissues, additional pathways are activated
by BMP/TGF-8 in certain cell types (3). BMP and TGF-8
activate TAK1 (T GF-B-activated kinase 1), a member of the
MAPK kinase kinase family. TAK1 is involved in the activa-
tion of several MAPKSs, including JNK, p38, and ERK, which
ultimately results in the activation of ATF2. TGF-B also acti-
vates Rho signaling pathways.

Inhibitory Smads including Smad6 and Smad7 inhibit phos-
phorylation of R-Smads by competing with R-Smads for bind-
ing to phosphorylated type I receptors (2). Smadé6 inhibits BMP
signaling, whereas Smad? inhibits both TGF-B and BMP sig-
naling. Smadé has narrow specificity in its interaction with
receptors (4). Smadé and Smad?7 inhibit BMP-activated p38
MAPK pathways in neuronal cells (5). Smadé and Smad?7 inter-
act differently with TAK1 in PC12 cells. Smadé and Smad?7 are
differentially expressed during development (6). Mice deficient
in exon 1 of Smad7 have abnormal B-cell responses and are
small (7). Data on skeletal tissues of these mice are not available.
These mice have partial Smad7 function because N-terminally
truncated forms of the Smad7 transcript may be produced (7).

During development, the limb skeleton is formed through
endochondral bone formation, which consists of multiple steps
of cellular differentiation (8, 9). Mesenchymal cells initially
undergo condensation, which is followed by the differentiation
of prechondrogenic cells within these condensations into
round chondrocytes to form cartilage. Round chondrocytes in
cartilage proliferate and produce cartilage extracellular matrix
composed of collagen fibrils and proteoglycans. Proliferating
chondrocytes in the central region of the cartilage then exit
the cell cycle and differentiate into hypertrophic chondrocytes.
The proliferating chondrocytes closest to the hypertrophic
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chondrocytes flatten out and form orderly columns of still pro-
liferating flat chondrocytes. The zone of the hypertrophic
chondrocytes is invaded by blood vessels along with osteo-
blasts, osteoclasts, and hematopoietic cells to form primary
ossification centers. BMPs play critical roles at various stages in
endochondral bone formation (10). Cartilage formation is
severely disturbed in mice lacking BMP receptors (11) and in
mice overexpressing Noggin, 2 BMP antagonist (12), in pre-
chondrogenic cells; these results suggest that BMP signaling is
necessary for cartilage formation.

Smad?7 is expressed in growth plate cartilage (13) and osteo-
arthritic cartilage (14, 15). In vitro studies using cell culture
systems or organ culture of mandibular explants have shown
that Smad7 inhibits chondrocyte differentiation and/or prolif-
eration induced by TGF-8 (16, 17) or BMP (18, 19). These in
vitro studies have demonstrated down-regulation of R-Smad
activation by Smad7 in chondrocytes. On the other hand,
recent mouse genetic studies have revealed mild abnormalities
in cartilage in mice lacking Smad4 (20) and in mice overex-
pressing Smadé (21) in chondrocytes, raising the possibilities
that non-Smad pathways may also mediate BMP-induced car-
tilage formation. In addition, conditional inactivation of the
TGE-B type I receptor gene (Tgfbr2) in prechondrogenic cells
and chondrocytes results in mice without any long bone
defects, leading to the conclusion that TGF-j signaling is not
needed in the limb endochondral process (22). In vive effects of
Smad7 on cartilage development are unknown and thus are
worth examining,.

To examine the effects of Smad7 during cartilage develop-
ment, we generated a series of conditional transgenic mice that
overexpress Smad7 in chondrocytes at various steps of difer-
entiation by using the Cre/loxP system. Smad7 overexpression
in prechondrogenic cells disturbed mesenchymal condensa-
tion, leading to poor cartilage formation. Smad7 overexpres-
sion in round chondrocytes inhibited cell proliferation, and
Smad?7 overexpression in flat chondrocytes delayed hypertro-
phy. Micromass cultures of mesenchymal cells revealed that
Smad?7 inhibited cartilaginous nodule formation possibly by
down-regulating p38 MAPK pathways activated by BMP.

EXPERIMENTAL PROCEDURES

Construction of the Transgene—The a2(XI) collagen gene
(Col11a2)-based expression vector, p742lacZInt, contains the
Col1la2 promoter (—742 to +380), an SV40 RNA splice site,
the B-galactosidase reporter gene (lacZ), the SV40 polyadenyl-
ation signal, and 2.3 kb of the first intron sequence of Col11a2
as an enhancer (23). To create a Collla2-lacZ™***-Smad7
transgene plasmid, a loxP sequence was inserted into the 5'-un-
translated region of lacZ p742lacZInt, and the Notl sites at both
ends of the lacZ segment were mutated and abolished. Next, a
sequence consisting of an SV40 RNA splice site, a loxP
sequence, a Notl site, and the SV40 polyadenylation signal was
inserted into the 3’-end of the SV40 polyadenylation signal of
the plasmid. Finally, mouse Smad7 cDNA tagged with Notl
sites at both ends was inserted into the Notl site. To create the
Collladprom-Cre-enh plasmid, the lacZ sequence in
p742lacZInt was replaced with a Notl-tagged Cre sequence at
the Notl sites. To create the Collla2prom-Cre plasmid, the
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lacZ sequence in p742lacZ (23) was replaced with a Notl-
tagged Cre sequence at Notl sites.

Generation and Preparation of Transgenic Mice—The plas-
mids Collla2-lacZ™***-Smad?7, Colllalprom-Cre-enh, and
Collla2prom-Cre were digested with EcoRI and Pstl to
release the inserts. Transgenic mice were produced by
microinjecting each of the inserts into the pronuclei of fer-
tilized eggs from F, hybrid mice (C57BL/6 X DBA) as
described previously (23). Transgenic embryos were identi-
fied by PCR assays of genomic DNA extracted from the pla-

centa or skin. For Collla2-lacZ"**?-Smad7 transgenic

mice, primers derived from mouse Smad7 ¢cDNA (5'-GGA
TGG CGT GTG GGT TTA-3') and from the SV40 poly(A)
signal region (5'-GGT TTG TCC AAA CTC ATC AAT-3')
were used to amplify a 346-bp product. For Cre transgenic
mice, primers derived from Cre (5'-CAA TTT ACT GACCGT
ACA CCA A-3' and 5'-TCT TCA GGT TCT GCG GG-3")
were used to amplify a 187-bp product. PrxI-Cre transgenic
mice were a kind gift from Dr. Malcolm Logan (24). Col11a2-
lacZ"**2_Smad? transgenic mice were mated with PrxI-Cre,
Collla2prom-Cre-enh, or Collla2prom-Cre transgenic mice
to obtain various Smad7 conditional transgenic mice. Conven-
tional Coll11a2-Smadé transgenic mice were described previ-
ously (21).

Staining of the Skeleton—Embryos were dissected, fixed in
100% ethanol overnight, and then stained with Alcian blue fol-
lowed by alizarin red S solution according to standard protocols
(25).

Histological Analysis—Embryos were dissected with a ste-
reomicroscope, fixed in 4% paraformaldehyde, processed, and
embedded in paraffin. Serial sections were stained with hema-
toxylin and eosin or with safranin O/fast green/iron hematox-
ylin. Immunohistochemistry was performed with a rabbit poly-
clonal antibody against Smad7 (1:100 dilution; Santa Cruz
Biotechnology, Inc.). Inmune complexes were detected using
streptavidin-peroxidase staining and Histofine SAB-PO kits
(Nichirei, Tokyo, Japan). RNA in situ hybridization was per-
formed using *5S-labeled antisense riboprobes as described
previously (45). To detect proliferating cells in tissue sections,
digoxigenin-11-UTP-labeled Hist2 (histone cluster 2) RNA
probes were prepared (26).

Micromass Culture of Mesenchymal Cells—Micromass cul-
ture was performed according to previously described methods
(27). The distal quarters of limb buds from 12.0-day postcoitus
(dpc) wild-type and transgenic mouse embryos were dissected
and digested with 0.1% collagenase (Sigma) and 0.1% trypsin
(Sigma) for 45 min in 5% CO, at 37 °C. The dissociated cells
were filtered through nylon mesh (40-pm pore size; Tokyo
Screen, Tokyo) to generate a single cell suspension and were
then adjusted to 2 X 107 cells/mlin Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal bovine serum.
Cell suspensions (20-ml drops) were placed in the center of
each well of 12-well plates. After the cells were allowed to attach
for 90 min in 10% CO, at 37 °C, they were overlaid with 2 ml of
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. The medium was replaced by fresh medium
every other day.
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FIGURE 1. Generation of Col11a2-lacZ"**“-Smad7 transgenic mice. A, the structure of the Col77a2-
lacZf¢4-Smad7 transgene is shown. In the presence of Cre recombinase, the lacZ sequence would be excised,
and Smad7 would be expressed instead of LacZ under the control of the Col71a2 promoter/enhancer
sequences. B-G, two Col71a2-lacZ"**?-Smad7 transgenic mouse lines were established. Both lines showed
similar cartilage-specific patterns of X-gal staining and developed normally. One line (B-F) showed stronger
X-gal staining than the other line (G). B, at 12.5 dpc, mesenchymal condensation in limbs was strongly stained.
C, at 14.5 dpc, primordial cartilage in limbs and ribs showed X-gal staining. D, a histological section showed
X-gal-stained mesenchymal condensation in the forelimb at 12.5 dpc. £, shown is a histological section of the
femurat 14.5 dpc. F, a higher magnification of the boxed region in Eis shown. G, the other transgenic line at 14.5
dpc showed weak X-gal staining compared with the first line (C). Scale bars = 2.5 mm (Band ), 100 wm (D and

E), 50 um (F), and 2.5 mm (G).

To induce cartilaginous nodule formation, medium contain-
ing 50 or 100 ng/ml recombinant human BMP2 (rhBMP2)
(Astellas Pharma, Tokyo) in 10% fetal bovine serum was used
unless specifically described otherwise. For infection with
adenoviral vectors for Smadé and Smad7 (18), cells were
infected 1 day after plating. For Alcian blue staining, micromass
cultures 4 days after plating were fixed with 4% paraformalde-
hyde for 10 min and stained overnight with 1% Alcian blue in
3% acetic acid at 37 °C. The cultures were then digitally photo-
graphed with a Nikon SMZ-U microscope. The size and num-
ber of nodules were measured using WinROOF software
(Mitani Shoji, Fukui, Japan). For Western blot analysis, adeno-
virus-infected cells were starved for 16 h before replacement
with Dulbecco’s modified Eagle’s medium in the presence or
absence of rhBMP2. Cells were lysed 1 h after treatment with
rhBMP2. For activation of MAPK pathways, 2 ng/ml anisomy-
cin (Sigma) was added to the culture medium and used as a
positive control.

Total RNA extracted from micromass culture in the pres-
ence of 100 ng/ml rhBMP2 was digested with DNase to elimi-
nate any contaminating genomic DNA before real-time quan-
titative reverse transcription (RT)-PCR. Real-time RT-PCR was
performed as described previously (21). The primer pair for Id1
was as follows: up, 5'-GCA TCT TGT GTC GCT GAG-3'; and
down, 5'-TGGCTGCGG TAG TGT CTT-3". The product size
was 122 bp.

ATDCS Cell Culture— ATDC5 cells were a kind gift from Dr.
Y. Hiraki. The cells were maintained at 20 —80% confluency as
described previously (28). After infection of ATDCS cells with
adenoviral vectors for LacZ, Smad6, Smad7, and constitutively
active MKK3, the cells were washed and then starved for 16 h.
The medium was replaced with Dulbecco’s modified Eagle’s
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medium in the presence or absence
of rhBMP2. One hour after treat-
ment with thBMP2, the cells were
lysed and subjected to Western
blotting. For activation of MAPK
pathways, 2 ng/ml anisomycin was
added to the culture medium and
used as a positive control.

Western Blotting—Cells were cul-
tured, lysed, subjected to SDS-
PAGE, electroblotted, and immu-
nostained. The antibodies used
were anti-Smad7 antibody (1:200
dilution; Santa Cruz Biotechnology,
Inc.); anti-Smadé antibody (1:200
dilution; Zymed Laboratories Inc.),
anti-Smad1 antibody (1:1000 dilu-
tion; Calbiochem); anti-phospho-
Smad1/5/8 antibody (1:1000 dilu-
tion), anti-phospho-ATF2 antibody
(1:1000 dilution), anti-ATF2 anti-
body (1:1000 dilution), anti-phos-
pho-p38 MAPK antibody (1:1000
dilution), anti-p38 MAPK antibody
(1:1000 dilution), anti-phospho-
Smad2 antibody (1:1000 dilution),
and anti-Smad2/3 antibody (1:1000 dilution) (Cell Signaling
Technology). Proteins in the blots were visualized using an ECL
Plus kit (Amersham Biosciences).

RESULTS

Generation of Floxed lacZ-Smad7 Transgenic Mice—Because
Smad?7 inhibits various signaling pathways, we anticipated that
its overexpression in chondrocytes might cause severe cartilage
abnormalities in transgenic mice. To avoid lethality, we
employed a conditional transgenic mouse system to express the
Smad7 transgene. We first established floxed lacZ-Smad7
transgenic mouse lines bearing the Collla2-lacZ"***-Smad7
transgene (Fig. 14). Coll11a2 promoter/enhancer sequences
direct expression to condensed mesenchymal cells and chon-
drocytes (23). We expected that the mice bearing this construct
would express lacZ but not Smad? due to the poly(A) signal
sequence that immediately follows the lacZ sequence. In the
presence of Cre recombinase, the lacZ sequence would be
deleted, and Smad7 would be expressed instead of lacZ under
the control of the Col11a2 promoter/enhancer sequences. We
obtained and analyzed two independent lines of Collla2-
lacZ"**4.Smad7 transgenic mice. Staining of transgenic
embryos from one line with X-gal showed that lacZ was
expressed in condensed mesenchyme at 12.5 dpc (Fig. 1B8) and
in primordial cartilage in limbs and ribs at 14.5 dpc (Fig. 1C).
Histological analysis confirmed lacZ activities specifically in
mesenchymal condensation at 12.5 dpc (Fig. 10) and in chon-
drocytes at 14.5 dpc (Fig. 1E). lacZ activities were not recog-
nized in cells in the perichondrium (Fig. 1F). Transgenic
embryos from the other line showed a similar but weaker (Fig.
1G) pattern of lacZ activities than the first line (Fig. 1C) at 14.5
dpc. Both lines of mice developed normally.
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FIGURE 2. Preparation of three types of Cre transgenic mice. A, shown is the structure of 77Enh-Cre and
11Prom-Cre transgenes. B-H, three types of Cre transgenic mice were mated with CAG-CAT™-Jac7 tester
mice, and the progeny were examined for LacZ expression by X-gal staining. B-D, the patterns of Cre-catalyzed
recombination at 12.5 dpc are shown. Prx1-Cre transgenic mice had recombination throughout their limb buds
(24) (B). 11Enh-Cre directed very weak recombination only in mesenchymal condensation in forelimbs (C).
11Prom-Cre directed no recombination in the limbs or trunk (D). £ and F, shown are the patterns of Cre-
catalyzed recombination at 14.5 dpc. 7 1Enh-Cre directed recombination in the entire parts of each primordial
cartilage (E). 77Prom-Cre directed recombination in limited parts of each primordial cartilage (F). G and H,
histological sections of the forelimb at 14.5 dpc are shown. 17Enh-Cre directed recombination in all round and
flat proliferative chondrocytes (G). 11Prom-Cre directed recombination in flat proliferative chondrocytes, but
not in round proliferative chondrocytes (H). r, zone of round proliferative chondrocytes; f, zone of flat prolifer-

ative chondrocytes. Scale bars = 2.5 mm (B-F) and 100 wm (G and H).

Generation of Cre Transgenic Mice—Next, we prepared three
types of Cre transgenic mice. First, PrxI-Cre transgenic mice
were obtained from Dr. Malcolm Logan (24). Second, we linked
the Cre sequence to the Collla2 promoter plus intron
enhancer to prepare the transgene construct 11Enh-Cre (Fig.
24). Third, we prepared Cre linked to the Coll11a2 promoter
without an intron enhancer to prepare the transgene construct
11Prom-Cre (Fig. 24). We injected 11Enh-Cre and 11Prom-Cre
into fertilized ova and established transgenic lines.

We examined the expression patterns of Cre by mating CAG-
CAT™**[gcZ reporter transgenic mice (29) with these Cre
transgenic mice. As reported previously (24), PrxI-Cre mice
showed Cre recombinase activity throughout the early limb
bud mesenchyme at 12.5 dpc. (Fig. 2B). 11Enh-Cre transgenic
mice started to show very weak Cre activities in mesenchymal
condensation in forelimb buds at 12.5 dpc (Fig. 2C). 11Prom-
Cre transgenic mice showed no lzcZ activities in limb buds at
12.5 dpc (Fig. 2D). Aberrant Cre activities were recognized in
forebrains. At 14.5 dpc, 11Enh-Cre transgenic mice showed
Cre-mediated recombination in all primordial cartilage of
limbs and ribs (Fig. 2E). In contrast, 11Prom-Cre transgenic
mice showed recombination in a limited part of each primor-
dial cartilage (Fig. 2F). X-gal staining was absent in the epiphy-
seal part of each primordial cartilage. Histological analysis of
the distal ulnas of 11Enh-Cre transgenic mice at 14.5 dpc
showed recombinase activities in all chondrocytes, including
round proliferative chondrocytes, flat proliferative chondro-
cytes, prehypertrophic chondrocytes, hypertrophic chondro-
cytes, and perichonderial cells (Fig. 2G). Histological analysis of
the distal ulnas of 11Prom-Cre transgenic mice at 14.5 dpc
showed recombinase activities in flat chondrocytes, prehyper-
trophic chondrocytes, and hypertrophic chondrocytes, but not
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11Prom-Cre
D

in round chondrocytes located at
the ends of each primordial carti-
lage (Fig. 2H). These results suggest
that 71Enh-Cre induces recombina-
tion from the step of round proli-
ferative chondrocytes and that
11Prom-Cre induces recombina-
tion from the step of flat prolifer-
ative chondrocytes. The recombi-
nation pattern of our 11Enh-Cre
transgenic mice was consistent
with that of previously reported
Cre transgenic mice containing
identical promoter/enhancer se-
quences (30). None of the Cre
transgenic mice showed detecta-
ble abnormalities.

Skeletal Abnormalities in Smad7
Conditional Transgenic Mice—We
mated  Collla2-lacZ"***-Smad7
transgenic mice with PrxI-Cre,
11Enh-Cre, and 11Prom-Cre trans-
genic mice, respectively, and gener-
ated double transgenic pups as
follows: pups bearing Collla2-
lacZ***%-Smad7 and Prx1-Cre trans-
genes (Smad7”%), those bearing Collla2-lacZ™**?-Smad7
and 11Enh-Cre transgenes (Smad7'®"), and those bearing
Collla2-lacZ***?-Smad7 and 11Prom-Cre transgenes
(Smad7*#™), We examined the skeletons of Smad7 condi-
tional transgenic mice. Staining with Alcian blue and alizarin
red S revealed that the Smad7*™! double transgenic mice had
very hypoplastic limb skeletons (Fig. 3B) compared with
Coll1a2-lacZ™**®-Smad?7 control mice (Fig. 34) at 16.5 dpc.
The Smad7"™" axial skeleton was relatively preserved because
the Prx1-Cre transgene directs Cre expression mainly in limbs.
Hind limb skeletons were less affected than forelimb skeletons.
Smad7*"" mice had moderately hypoplastic skeletons (Fig.
3C) compared with Collla2-lacZ****-Smad7 control mice
(Fig. 3A). Mineralization indicated by alizarin red staining was
reduced in Smad7'*E** mice. The cartilaginous components of
Smad 7 ¥ ™ mice were slightly small (Fig. 30) compared with
those of Col11a2-lacZ****-Smad?7 control mice (Fig. 3A). Min-
eralization was reduced slightly in Smad7'#7™ mice. We also
mated the other line of Collla2-lacZ***?-Smad7 mice with
Prx1-Cre mice, and the resultant Smad7”™ transgenic pups
showed similar but milder abnormalities in limb skeleton (Fig.
3E) than the Smad7™! mice from the first line of Collla2-
lacZI***?-Smad7 mice (Fig. 38). Overall, the skeletal lengths in
each type of double transgenic pups varied with regard to car-
tilage size and mineralization depending on the types of Cre
transgenic mice used for mating (Fig. 3£).

Cre-mediated Recombination in Each Type of Conditional
Transgenic Mice—The scheme in Fig. 44 shows the expected
recombination events in this experiment. In Smad7"™! mice,
recombination occurs in mesenchymal cells in limb buds before
the onset of mesenchymal condensation when Collla2 pro-
moter/enhancer sequences start to direct expression. Thus, the
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expression of the Smad7 transgene in Smad7"~! mouse limbs
may be controlled by Col11a2 promoter/enhancer sequences in
the Collla2-lacZ™***-Smad?7 transgene, and the Sad7 trans-
gene may be gradually expressed from the step of condensed
mesenchyme. The expression pattern of the Smad?7 transgene
in Smad7"™! conditional transgenic mouse limbs is considered
to be similar to the expression pattern of the transgene expres-
sion in conventional transgenic mice bearing the Col11a2 pro-
moter/enhancer. In Smad7**5** mice, recombination occurs at
the step of round proliferative chondrocytes when the amount
of Cre protein may be increased enough to catalyze recombina-
tion. In Smad7'?*7°™ mice, recombination occurs at the step of
flat proliferative chondrocytes.

We examined Cre-catalyzed recombination by monitoring
the disappearance of lacZ activities. Coll1a2-lacZ****-Smad7
mice showed LacZ expression in condensed mesenchyme at
12.5 dpc (Fig. 4B). Smad7"™*! double transgenic mice did not
exhibit LacZ expression (Fig. 4C), indicating that PrxI-Cre

27158 JOURNAL OF BIOLOGICAL CHEMISTRY

Tibia
FIGURE 3. Whole body and forelimb skeleton of Smad7 conditional transgenic mice and conventional
Smad6 transgenic mice at 16. 5 dpc. A, Col 1 1a2-lacZ"*¢?-Smad7 mice (control). B, Col11a2-lacZ"***?-Smad7;
Prx1-Cre mice (Smad7"™"). C, Coll1a2-lacZ"®*?-Smad7;11Enh-Cre mice (Smad7’'™). D, Coll1a2-lacZ"™e?-
Smad7:11Prom-Cre mice (Smad7''°™). When we mated the other line of Col11a2-lacZ™***-Smad7 mice that
showed weaker lacZ activities (Fig. 1G) with Prx1-Cre transgenic mice, the resultant double transgenic pup (£)
showed similar but milder skeletal abnormalities than that (B) from the Col11a2-lacZ"**¢4-Smad7 mouse line,
which showed stronger lacZ activities (Fig. 10). F, relative length of 16.5-dpc skeletal elements of conditional
transgenic mice. Error bars indicate means = S.D.*, p < 0.05;and **, p < 0.01 between control and transgenic

the other line of transgene products induced recom-
Smad7™! bination of the Collla2-lacZ**-
E ) Smad7 transgene in limb buds. Both
o Smad7'*E™* mice and Smad 7 1™
mice showed LacZ expression in
condensed mesenchyme (Fig. 4, D
and E), as did Collla2-lacZ=e*-
Smad?7 control mice (Fig. 48), indi-
cating that recombination did not
occur at this stage.
At 14.5 dpc, Collla2-lacZ*o*e*-
Smad7 control mice showed LacZ
expression in all primordial carti-

lage (Fig. 4F). Smad7"™' mice

W\
.

‘,\ showed LacZ expression in primor-

" dial cartilage in the ribs and spine,

but not in the limbs (Fig. 4G). LacZ

expression in Smad7" %™ mice dis-

appeared in primordial cartilage in

— trunk and proximal segments in the

limbs. LacZ expression remained in

paws, which developed later than

proximal segments in the limbs (Fig.

4H). Smad7*'P™ mice showed

DC"I"E%,’;%‘;ZW_ LacZ fexpres§ion in m.OSt of the pri-

(n=6) mordial cartilage at this stage except

Smad7* for weak LacZ expression in the

s humerus and femur, which devel-

Smad7'Em oped earlier than the distal seg-
4 (n=4)

ments (Fig. 41).

Histological Analysis of Various
Smad7 Conditional Transgenic
Mice—To investigate the function
of Smad7 at various steps during
endochondral bone formation, we
performed histological analysis of
skeletons of Smad7 conditional
transgenic mice bearing various Cre
transgenes. At 16.5 dpc, wild-type
mice formed ossification centers in
the humerus (Fig. 54). Smad7**! mice showed very small car-
tilage. The Smad7'E** transgenic cartilage of the humerus
contained proliferative and hypertrophic chondrocytes, but not
ossification centers. The humeri of Smad7'4¥°™ mice had an
almost normal sized proliferative cartilage and exhibited
incomplete formation of ossification centers.

At 14.5 dpc, proliferative chondrocytes started hypertrophy
at the center of the humeri of wild-type mice (Fig. 58). The
Smad7'"*™™ transgenic cartilage from the humerus contained
proliferative (but not hypertrophic) chondrocytes. These
results suggest that Smad7 expressed in flat proliferative chon-
drocytes delays chondrocyte hypertrophy.

Proliferation of Proliferative Chondrocytes Is Inhibited by
Smad7 Overexpression—We examined the effect of Smad7
overexpression on the proliferation of proliferative chondro-
cytes by in situ hybridization using Hist2 cRNA probes on his-
tological sections of distal femur at 16.5 dpc and performed
statistical analysis (Fig. 5, C and D). In situ hybridization for
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(n=5)
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FIGURE 4. Cre-catalyzed recombination in Smad7 conditional transgenic
mice. A, expected recombination events during the endochondral bone for-
mation process in Smad7 transgenic mice. Top row, pattern of expression
directed by the Coll7a2 promoter/enhancer. Second through fourth rows,
expected Smad7 transgene expression patterns in each Smad7 conditional
transgenic mouse. B-£, Cre-catalyzed recombination monitored by the dis-
appearance of lacZ activities in Smad7 conditional transgenic mice at 12.5
dpc. LacZ expression was abolished in mesenchymal condensation in
Smad7”™" mice (C). LacZ expression in mesenchymal condensation was not
obviously affected in Smad7'’6™ mice (D) and Smad7'""°™ mice (E).
F-1, Cre-catalyzed recombination at 14.5 dpc. Prx1-Cre completely abol-
ished LacZ expression in limb cartilage, but not in trunk cartilage (G).
11Enh-Cre eliminated JacZ activities in all primordial cartilage except the
distal part of limbs (H). 1 1Prom-Cre decreased lacZ activity in the humerus
(/). Scale bars = 2.5 mm.

histone mRNA is as an appropriate technique for assessment of
cell proliferation as bromodeoxyuridine immunohistochemis-
try (26). Compared with the control mice, Smad7**¥"* double
transgenic mice had a reduced number of Hist2-positive cells.
In contrast, Smad7'?*"°™ mice had a normal number of Hist2-
expressing cells.

We analyzed the transgene expression in distal femur by in
situ hybridization (Fig. 5£). In wild-type mice, the expression
levels of Smad7 and Smadé were relatively low in cartilage com-
pared with those in the surrounding tissues. Smad7"*5"* mice
showed increased Smad7 expression in both epiphyseal and
metaphyseal chondrocytes, suggesting that Cre-mediated dele-
tion of the lacZ sequence had occurred and that the Smad7
transgene was transcribed in round and flat chondrocytes.
Smad7**Pr™ mice showed increased Smad7 expression in the
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metaphyseal chondrocytes and lacZ expression in the epiphy-
seal chondrocytes, suggesting that Cre-mediated recombina-
tion had occurred and that the Smad7 transgene was tran-
scribed mainly in flat chondrocytes. Immunohistochemical
analysis showed that anti-Smad7 immunoreactivity was
increased in the femoral chondrocytes of Smad7'*E** double
transgenic mice compared with those of wild-type mice, sug-
gesting that Smad7 transgene mRNA was translated (Fig. 51).

Mesenchymal Condensation Is Inhibited and Sox9 Expression
Is Decreased in Smad7"™! Mice—W e examined the mechanism
responsible for hypoplastic cartilage in the limbs of Smad 7
transgenic mice. The loss of LacZ expression in limbs (shown in
Fig. 4C) suggested condensed mesenchyme-specific expression
of the Smad7 transgene. In situ hybridization analysis of axial
sections of 12.5-dpc wild-type limb buds showed that Sox9 and
Col11a2 were expressed in condensing mesenchyme that was
recognized in sections stained with safranin O (Fig. 64). In
Smad7°™! mice, mesenchymal condensation was not apparent;
Sox9 expression was weak; and Collla2 expression was not
detected at this stage. /n situ hybridization analysis of mice at
16.5 dpc showed that the expression levels of Smad6é and Smad?7
mRNAs in chondrocytes relatively low compared with the lev-
els in the surroundingtissues in the wild-type mice. Therelative
expression levels of Smad7 in femoral chondrocytes were sim-
ilar to those of Smad7 in surrounding tissues in Smad7”~! mice
(Fig. 6B). These results suggest that the Smad7 transgene was
transcribed mainly in chondrocytes.

Smad?7 (but Not Smad6) Overexpression Inhibits Cartilagi-
nous Nodule Formation Induced by BMP and Inhibits BMP-
activated MAPK Pathways—Mouse genetic experiments have
shown that BMP signal inactivation dramatically inhibits carti-
lage formation (11), but TGF-B signal inactivation does not
affect cartilage formation in the limbs (22). To further examine
how Smad7 overexpression inhibited cartilage formation, we
analyzed BMP signals during cartilaginous nodule formation
using micromass cultures of limb bud mesenchymal cells pre-
pared from the first line of Smad7”** mice and the other line of
Smad7”™! mice. The other line of Smad7™! mice (Fig. 3E)
showed less severe skeletal abnormalities than the first line of
Smad7"=! mice (Fig. 3B). We also prepared mesenchymal cells
from Col11a2-Smad6 transgenic mice, which express Smadé in
condensed mesenchymal cells and chondrocytes (21). The
addition of rhBMP2 to the medium stimulated the formation of
cartilaginous nodules, which were visualized by Alcian blue
staining (Fig. 74, top row). The cartilaginous nodule formation
induced by rhBMP2 was decreased in mesenchymal cells pre-
pared from the first line of Smad7"™* mice (Fig. 7A, second row)
and in mesenchymal cells prepared from the other line of
Smad7"™! mice (third row), but not in mesenchymal cells from
Collla2-Smadé transgenic mice (fourth row). The mean num-
ber of cartilaginous nodules was more in the mesenchymal cell
cultures of the other line of Smad7*™* mice (Fig. 7A, third row)
than that in the mesenchymal cell cultures of the first line of
Smad7"™! mice (second row).

We next examined marker gene expression in micromass
cultures of transgenic mesenchymal cells in the presence of
rhBMP2 by real-time RT -PCR (Fig. 7B). The relative expression
levels of Smad7 were increased in mesenchymal cells from the
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FIGURE 5. Differentiation and proliferation of chondrocytes in Smad7 conditional transgenic mice. A, his-
tology of the humeri of 5mad7p ™1, Smad7'"e™", and Smad7'""°™ mice at 16.5 dpc. The cartilage size was very
small in Smad7°™' mice. 8, histology of the humeri of Smad7’'”°™ mice at 14.5 dpc. Chondrocyte hypertrophy
was delayed. C, in situ hybridization with Hist2 antisense cRNA probes in the 16.5-dpc distal femurs of
Smad7'"€"" and Smad7'"""°™ mice. The number of chondrocytes expressing Hist2 was decreased in Smad7’ €™
femur. HE, hematoxylin and eosin. D, the mean number of chondrocytes expressing Hist2 mRNAs per area in
the distal femurs of Smad7' """ and Smad7'""°™ mice. Error bars indicate means = SD.**, p < 0.01 between
wild-type and transgenic mice as determined by Student’s ¢ test. £, in situ hybridization analysis of 16.5-dpc
distal femurs of Smad7'’€"" and Smad7'""°™ mice. Col11a2, Smadé, Smad7, and lacZ antisense cRNA probes
were used. Distal femoral cartilage was demarcated. r, epiphyseal zone of round proliferative chondrocytes;
f, metaphyseal zone of flat proliferative chondrocytes. F, immunohistochemistry of 16.5-dpc proximal humeri
of Smad7’ 5" mice with anti-Smad7 antibody (Ab). Scale bars = 100 um (A-C and £) and 50 wm (F).

first line of Smad7"™! mice, indicating transgene expression.
The expression levels of Smad6é were increased in mesenchy-
mal cells from Smad7”™! mice, probably because the culture
was composed mainly of non-cartilaginous cells. Non-chon-
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drocytic cells expressed endoge-
nous Smadé at higher levels com-
pared with chondrocytes (Fig. 6B).
The relative expression levels of
Col2al, Collla2, and Sox9 were
decreased, and the expression level
of Aldhla2, which is the target gene
of BMP signals and down-regulates
Sox9 gene expression (31), was
increased. In contrast, the relative
expression levels of the maker genes
were not significantly changed in
mesenchymal cells from Collla2-
Smad6 mice. The relative expres-
sion levels of Smad6 were elevated
in Collla2-Smadé mice. These
results revealed different effects on
cartilaginous nodule formation and
marker gene expression between
Smad7 and Smad6 overexpression,
although we could not deny the pos-
sibility that the expression level of
the Smad6 transgene was not high
enough compared with that of the
Smad7 transgene. )

Because Smad6 overexpression
did not disturb cartilaginous nodule
formation or marker gene expres-
sion, we speculated that non-Smad
pathways might mediate BMP-in-
duced nodule formation. It has been
reported that BMPs activate MAPK
pathways (3). MAPKSs control chon-
drogenesis (32). INK phosphoryla-
tion is not affected during chondro-
genesis, suggesting that JNKs play
minor roles (33). During chondro-
genesis of chick mesenchymal cells,
p38 phosphorylation is increased,
and ERK phosphorylation is de-
creased. The inhibitor of p38 MAPK
pathways blocks chondrogenesis,
whereas the inhibitor of MEK/ERK
activity enhances chondrogenesis
(34). This line of findings suggests
that p38 MAPK pathways may be
involved in BMP-induced nodule
formation.

Next, we examined whether our
results from the transgenic overex-
pression experiments were consist-
ent with results from the adenoviral
overexpression experiments. Con-
sistently, cartilaginous nodule for-

mation in wild-type mouse mesenchymal cells was inhibited by
Smad?7 adenoviral infection (Fig. 7C, second row), but not by
Smadé adenoviral infection (third row). Real-time RT-PCR
analysis showed that the relative mRNA expression levels for
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FIGURE 6. Cartilage formation is inhibited by Smad7 overexpression.
A, semiserial axial sections at forelimb levels of Smad7”™' mouse embryos at
12.5 dpc were used for safranin O/fast green/iron hematoxylin staining (top
row) and in situ hybridization analysis with Sox9 (second row) and Col71a2
(third row) antisense cRNA probes. Sox9 expression was weak in Smad7™™
mice. Magnification of limbs showed that mesenchymal condensation was
not apparent in Smad7”™' mice (fourth row). Arrows indicate mesenchymal
condensation. B, semiserial sagittal sections of femurs in wild-type and
Smad7”™' mice at 16.5 dpc were used for hematoxylin and eosin (HE) staining
and in situ hybridization analysis with Col71a2, Smad7, and Smadé antisense
cRNA probes. The expression levels of Smad7 mRNAs in chondrocytes were
relatively low compared with the levels in the surrounding tissues in wild-
type mice. The relative expression levels of Smad7 in femoral chondrocytes
were similar to those of Smad7 in surrounding tissues in Smad7”™’ mice. Scale
bars = 50 um (A) and 200 pum (B).
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Smad7 and Smad6é were elevated in micromass cultures
infected with Smad7 and Smadé adenoviral vectors, respec-
tively (Fig. 7D). Both Smadé and Smad7 adenoviral infection
decreased the expression levels of IdI, the target gene of
Smad1/5/8 (35, 36), suggesting that Smad1/5/8 pathways were
affected. We used immunoblot analysis to examine the effects
of BMP signals on the phosphorylation of signaling molecules
in micromass cultures of wild-type mouse mesenchymal cells
(Fig. 7E). The addition of rhBMP2 induced the phosphorylation
of Smad1/5/8 but only slightly induced the phosphorylation of
Smad2. The addition of thBMP2 also induced the phosphoryl-
ation of p38 and ATF2, a downstream target molecule of the
MAPK pathways, like anisomycin, a positive control for MAPK
pathways. Infection with Smad7 and Smadé adenoviral vectors
inhibited the phosphorylation of Smad1/5/8 to similar extents.
Smad?7 adenoviral infection inhibited the phosphorylation of
p38 and ATF2 to a greater extent than did Smad6 adenoviral
infection. These results indicate the following. 1) Cartilaginous
nodule formation induced by rhBMP2 was associated with acti-
vation of p38 MAPK pathways, and 2) Smad7 overexpression
inhibited cartilaginous nodule formation induced by rhBMP2
and down-regulated BMP-activated p38 MAPK pathways.

We also examined the effects of BMP signals using an undif-
ferentiated ATDC5 cell line. The addition of rhBMP2 to
ATDCS cells increased the phosphorylation of p38 and ATF2
(Fig. 84). The increased phosphorylation of p38 and ATF2 in
the presence of rhBMP2 was decreased by Smad7 adenoviral
infection to a greater extent compared with Smadé adenoviral
infection. Infection with an adenoviral construct of a constitu-
tively active form of MKK3 (a gift from Dr. Riko Nishimura), a
MAPK kinase that activates p38 (37), increased the phospho-
rylation of p38 and ATF2 in ATDCS cells (Fig. 8B). Infection
with both the constitutively active form of MKK3 and the
Smad?7 adenoviral construct showed increased phosphoryla-
tion of p38 and ATF2, suggesting that Smad?7 affects MAPK
pathways upstream of MKK3 in ATDCS5 cells.

DISCUSSION

Smad7 Overexpression Affects Cartilage Development at
Multiple Steps—T o examine the effects of Smad7 on cartilage
at various stages of chondrocyte differentiation in vivo, we gen-
erated mice that conditionally overexpress Smad7 in chondro-
cytes. To avoid potential lethality, we employed a conditional
transgenic mouse system. Conditional transgenic mouse sys-
tems that use Cre/loxP in other tissues have been developed
previously (38, 39). We established Collla2-lacZ™***-Smad7
transgenic lines and transgenic lines expressing Cre under the
control of the Coll1a2 regulatory sequences. By using these
mice, we controlled the start of Smad7 overexpression at three
steps of chondrocyte differentiation. We found that Smad7
overexpression exerts specific functions at multiple stages of
chondrocyte differentiation. Smad7 overexpression in condensing
mesenchymal cells inhibited their chondrocyte differentiation;
Smad7 overexpression in round chondrocytes decreased prolifer-
ation; and Smad7 overexpression in flat chondrocytes inhibited
maturation toward hypertrophy. In situ hybridization showed that
Smad7 expression in chondrocytes was relatively low compared
with that of the surrounding tissues during normal development.
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FIGURE 7. Overexpression of Smad?7 inhibits BMP-induced cartilaginous nodule formation and down-regu-
lates p38 MAPK pathways in micromass cultures. A, mesenchymal cells from the first line of Smad7°™", the other
line of Smad7™™', and Col11a2-Smadé6 transgenic limb buds were cultured in micromass in the presence of various
concentrations of rhBMP2 for 4 days. Mesenchymal cells prepared from the first line of Smad7™’and the other line
of Smad7°™' showed decreased formation of cartilaginous nodules. Error bars indicate means = S.D. (n = 3).**,p <
0.01 between cultures of Smad7 or Smadé transgenic mesenchymal cells and cultures of wild-type mesenchymal
cells as determined by Student’s t test. B, shown are the results from marker gene expression analysis of micromass
cultures of the first line of Smad7”*' and Col11a2-Smadé transgenic mesenchymal cells in the presence of rhBMP2
for 4 days by real-time RT-PCR. Expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
expression. The wild-type expression level was set as 1. Error bars indicate means = SD. (n = 3).*,p <0.05;*, p <
0.01 between control and transgenic mesenchymal cells as determined by Student’s t test. C, mesenchymal cells
from wild-type limb buds were infected with Smad7 (second row) or Smadé (third row) adenoviral (Ad) vectors.
Cartilaginous nodule formation was down-regulated by Smad7 (but not Smadé) adenoviral infection. **, p < 0.01

between control cultures and cultures infected with Smad7 or Smad6é adenoviral vectors as determined by Stu-
dent’s t test. D, shown are the results from gene expression analysis of micromass cultures of mesenchymal cells
infected with Smad6 or Smad7 adenoviral vectors in the presence of hBMP2 for 4 days by real-time RT-PCR. Expres-
sion levels were normalized to glyceraldehyde-3-phosphate dehydrogenase expression. The wild-type expression
level was setas 1. Error barsindicate means =+ SD. (n = 3).*, p < 0.05 between control cultures and cultures infected
with Smad7 or Smadé adenoviral vectors as determined by Student’s t test. Scale bars = 1 mm. £, mesenchymal cells
from wild-type mice in micromass cultures were infected with Smad7 or Smadé adenoviral vectors, lysed, and
subjected to immunoblot analysis for phosphorylation of Smad1/5/8, p38, ATF2, and Smad2 and for expression of
Smad7 and Smadé.

These results collectively suggest that controlled expression of
Smad?7 is crucial for normal cartilage development and homeosta-
sis to sustain anabolic BMP/TGF-f3 signals.
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Smad?7 in Prechondrogenic Cells
Inhibits Chondrocyte Differentia-
tion and Down-Regulates BMP-ac-
tivated p38 MAPK Pathways—
Overexpression of Smad7 in
condensing mesenchymal cells inhib-
ited condensation and subsequent
cartilage formation in Smad7*™
mice. Because mouse limb cartilage
develops almost normally without
TGEF-B receptor type 1I (22), we
speculated that Smad7 overexpres-
sion inhibited cartilage formation
by inhibiting BMP signals in
Smad7"™! mice. Cartilage does not
form in mice that lack BMP signals
in chondrocytes (11, 12). However,
cartilage forms in mice lacking
Smad4 (20) and in mice overex-
pressing Smadé (21) in chondro-
cytes, suggesting that non-Smad
pathways may mediate BMP-in-
duced cartilage formation. During
chondrogenesis of chick mesenchy-
mal cells, p38 phosphorylation is
increased. The inhibitor of p38
MAPK pathways blocks chondro-
genesis (34). BMP signals increase
Sox9 expression in mesenchymal
cells (31). Sox9 is likely a down-
stream target of the p38 MAPK
pathway in chondrocytes (40). Sox9
promotes cartilage formation (41).
Based on these findings, it is reason-
able to assume that MAPK path-
ways mediate BMP-induced carti-
lage formation through increased
expression of S0x9. Sox9 expression
was decreased in condensing mes-
enchyme in Smad7”*! mice.
Together with these findings, the
present result that Smad7 overex-
pression down-regulated the phos-
phorylation of p38 and ATF2 sug-
gested that Smad7 inhibits cartilage
formation, possibly by down-regu-
lating BMP-activated p38 MAPK
pathways. Accordingly, Smad7 has
been reported to inhibit activation
of BMP-activated p38 MAPK path-
ways in neuronal cells (5).

A high leve] of overexpression of
Smadé or Smad7 could nonspecifi-
cally affect signaling pathways (2).
In the present study, the expression

levels of the Smad7 transgene were as much as those of endog-
enous Smad7 in the tissues surrounding cartilage as examined
by in situ hybridization analysis (Fig. 6B). Although we con-

VOLUME 283+ NUMBER 40+ OCTOBER 3, 2008

6002 ‘21 Atenigad uo ALISYIAINN YIVSO e 610°ogl mmm woly papeojumoq



The Journal of Biologiéal Chemistry

ASBMB

A mBMP2 = + + + + + + -
Adlacz = = + = = = = =
Ad-Smad? = = = + ++ = = =

Ad-Smadf = = = = = 4+ 44 =
anisomysin_ = = = = - - - 4
p-Smad1/5/8  ~ G G G we W e ¢

fotal Smad! e REe Wl wee s uas G W

P‘P33 S, Y. 2~ e s, I,
{otal P38 ey . S S ST, SR,
p-ATF2 .« ey e e a Bl oW e

total ATF2 &” W e G RGN B i
Smad7 * . e -
Smad6 adsia | ™"

BAd—ca—MKK3 = + ++ ++ ++ ++ ++ ++
Ad-LacZ . T
Ad-Smad?7 = = = = + ++ = =
Ad-Smad6 - = = = = = 4 44

p-p38 el wee e “Mh W S
10tal P38 wuie NS - “‘*‘ ”‘ j
p-ATF2 S, D UG NS MBS &5

tolal ATF2  come @D GHIB GUS S i San Gas
Smad7 : —
Smada O n——E————

FIGURE 8. Smad7 inhibits p38 MAPK pathways upstream of MKK3 in
ATDCS5 cells. A, undifferentiated ATDCS5 cells were infected with LacZ, Smad7,
or Smadé adenoviral (Ad) vectors; lysed; and subjected to immunoblot anal-
ysis for phosphorylation of Smad1/5/8, p38, and ATF2 and for expression of
Smad7 and Smadé.B, ATDCS5 cellswere infected with constitutively active (ca)
MKK3, LacZ, Smad7, or Smad6 adenoviral vectors; lysed; and subjected to
immunoblotanalysis for phosphorylation of p38 and ATF2 and for expression
of Smad7 and Smad6.

cluded that Smad7 overexpression inhibits cartilage formation,
at least in part, by inhibiting BMP-activated MAPK pathways,
we do not deny the notion that canonical Smad pathways also
induce cartilage formation and chondrocyte proliferation
because Smad7 and Smadé overexpression partially suppressed
the phosphorylation of Smad1/5/8 in the present culture study.
Further suppression of the phosphorylation of Smad1/5/8
might interfere with cartilage formation. In addition, it is also
possible that Smad7 affects TGF-p signals in cartilage, leading
to inhibition of cartilage formation in Smad7* mice.
Smad7 in Round Chondrocytes Decreases the Chondrocyte
Proliferation Rate—The decreased expression of Hist2 in
Smad7"E™ mice proved that Smad7 overexpression in prolif-
erative chondrocytes inhibits chondrocyte proliferation
because Smad7 transgene expression begins at the stage of
round proliferative chondrocytes, allowing a normal transition
from condensed mesenchyme to round chondrocytes in
Smad7*E™" mice. It was reported that the chondrocyte prolif-
eration rate is decreased in Bmprlb*'~;Bmpr1a““®Col2al-
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Cre mice (42). In contrast, the chondrocyte proliferation rate is
normal in mice lacking T GF-B receptor type II in chondrocytes
(22). The chondrocyte proliferation rate is normal in transgenic
mice overexpressing Smadé in chondrocytes, although the
phosphorylation of Smad1/5/8 is down-regulated (21). These
findings suggest that chondrocyte proliferation is controlled by
BMP signals and Smad7, but not by TGE-p signals or Smadé.
Because the activation of the p38 MAPK pathways decreases
the chondrocyte proliferation rate (40), another pathway may
mediate BMP-induced chondrocyte proliferation. This other
pathway remains to be elucidated.

Smad?7 in Flat Chondrocytes Delays Maturation toward
Hypertrophy—Smad7***"™ mice showed delayed chondrocyte
hypertrophy. We previously reported that Smadé overexpres-
sion inhibits BMP-induced chondrocyte hypertrophy associ-
ated with the inhibition of Smad1/5/8 phosphorylation (21).
BMP signals generally stimulate chondrocyte hypertrophy (10,
43). However, the chondrocyte-specific deletion of Tgfbr2 does
not affect chondrocyte hypertrophy (22). p38 MAPK activity is
required for chondrocyte hypertrophy (44). Combined with
these findings, the present results raise possibilities that Smad?7
overexpression may delay hypertrophy of flat chondrocytes by
inhibiting the activation of Smad1/5/8 and p38 MAPK path-
ways. It remains to be determined whether Smad7 affects p38
MAPK pathways in differentiated chondrocytes.

In summary, we established a Smad?7 conditional transgenic
mouse system and found that Smad7 overexpression exerts
functions at multiple stages of chondrocyte differentiation. Our
results suggest that Smad7 inhibits cartilage formation, possi-
bly by down-regulating BMP-activated p38 MAPK pathways.
Smad?7 is overexpressed in various pathological states, includ-
ing cancers and inflammation. In joint diseases such as osteo-
arthritis, cartilage expresses Smad7 (15). In cultured articular
chondrocytes, stimulation with the inflammatory cytokine
interleukin-18 up-regulates Smad7 (14, 15). Although we
should be cautious in interpreting our data, the findings of this
Smad7 overexpression study should contribute to an under-
standing of the mechanism that interferes with the recovery
of damaged cartilage despite treatment in the course of joint
diseases.
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