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Fig. 1 Incidence of osteoporosis at the lumbar spine over 10 years by
age group and gender

Causal relationship between OP and OA

The causal relationships between lumbar OA and OP,
BMD, and VFx are summanzed in Table 3.

First, the contribution of OA to OP was assessed. Cox's
proportional hazard model showed no significant relationship
between the presence of lumbar OA at the baseline and
incidence of lumbar and femoral neck OP (lumbar OP, men
P=0.71, women P=0.79; femoral neck OP, women P=0.52).
Then, the association between lumbar OA and the cumula-
tive incidence of VFx was determined by logistic regression
analysis. As reported elsewhere, the cumulative incidence of
VFx including subjects with previous VFx in their 40s, 50s,
60s, and 70s was 2.1%, 8.3%, 10.0%, and 12.2% for men
and 2.1%, 6.1%, 18.0%, and 22.0% for women, respectively
[26]. Therc was no significant relationship between the
presence of lumbar OA at the bascline and incidence of VFx
in men and women (men P=0.21, women P=0.64).

Secondly, the contribution of OP to OA was examined
(Table 3). A significant relationship existed between the
presence of lumbar OP at the bascline and cumulative
incidence of lumbar OA in women (P<0.05) but not in men
(P=0.07). Similarly, there was significant association
between lumbar BMD at the baseline and the cumulative
incidence of lumbar OA in women (vs. +1 SD, P<0.05) but
not in men (P=0.25). No significant association was
identified between femoral neck OP and BMD at the
baseline and cumulative incidence of lumbar OA in men
and women (OP at femoral neck. women P=0.32; BMD at
femoral neck, vs. +1 SD, men P=0.23, women P=(.77).
These results indicate that the presence of lumbar OP at the
baseline would prevent the occurrence of lumbar OA, and
conversely, high lumbar BMD would accelerate the
progression of lumbar OA in women.

Finally, the association between the presence of VFx at
the bascline and cumulative incidence of lumbar OA was
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assessed. As shown elsewhere, the prevalence of VFx in the
present cohort among men in their 40s, 50s, 60s, and 70s
was 4.3%, 14.6%, 22.0%. and 24.5% and that among
women was 2.1%, 10.2%, 14.0%, and 44.9%, respectively
[27]. Logistic regression analvsis showed that there was no
significant relationship between the presence of previous
VFx and the incidence of lumbar OA in men and women
(men P=0.72, women P=0.91; Table 3).

Discussion

The present study is a 10-year follow-up study of a
population-based cohort of Japanese middle-aged people
and elderly who were assessed for lumbar OP and OA. We
clarified the prevalence of lumbar OP and OA and its trend
of changes as well as the incidence of lumbar OP and
cumulative incidence of lumbar OA. As for causal
relationship, the presence of lumbar OA did not mcrease
the nsk of lumbar OP in both genders. However, the
presence of lumbar OP significantly reduced the nisk of
lumbar OA, and high lumbar BMD values would accelerate
the occurrence of lumbar OA over 10 years in women,
while the presence of OP and BMD at the femoral neck did
not influence the occurrence of lumbar OA,

The prevalence of lumbar OP in both 1990 and 2000
was significantly higher in women than in men (P<0.001)
and gradually increased with age. Regarding the wrend of
changes in the prevalence of lumbar OP between 1990 and
2000 in same-age groups, no significant difference was
shown m both men and women. We previously reported
that both men and women in later birth cohorts showed
higher BMDs in their middle age in this cohort [25].
However, we failed to clarify any significant decrease in the
prevalence of lumbar OP in same-age groups of younger
birth cohorts in the present study, although the prevalence
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10 years by age group and gender
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Table 3 Causal rel hip berween (OP) and osteoarthrins (OA)
Baseline Outcome Reference Gender Risk ratio 95% Cl P valve
Contribution of OA to OF
OA at lumbar spine Incidence of OF at lumbar spine YesNo Men HR 0.76 D19 315 (&)
Women HR 0,90 040 199 0.79
OA at lumbar spine Incidence of OP at femoral neck Yes/No Women HR 0.74 0.30-1.84 0.52
OA at lumbar spine Cumulative incidence of VFx YesNo Men OR 0.41 0.10-1.64 0.21
Women OR 127 0.46-3.47 0.64
Contribution of OF 10 OA
OP at lumbar spine Cumulative Incidence of OA at lumbar spine YesNao Men OR 8.68 0.82-9213 0.07
Women OR 020 0.05 0.80 0.02
OP ar femoral neck Cumulative Incidence of OA at lumbar sping Yes/No Women OR 0.52 0.14-1,89 0.32
BMD it lumbar spine Cumulative incidence of OA at lumbar spine +1 SD Men OR 0.80 054 1.17 02s
Wamen OR 1.87 1.16-299 0.0l
BMD at femoral neck Cumulative incidence of OA at lumbar spine ‘1 SD Men OR (.80 0.56-1.13 0.23
Women OR 0,92 0.53-1.60 0.77
VFx Cumulative incidence of OA at lumbar spine YesNo Men OR 0.79 0.21-2.95 0.72
Women OR 0.91 0.19-4.36 091

All analyses were adjusted for age and weight at the baseline
OA at lumbar spine was defined as the KL grade =3

BMD bone mineral density, FFy venebral fracture, S0 standard devianion, /R hazard ratio, OR odds ratio, €/ confidence micrval

of lumbar OP in 2000 tended to be lower than that in 1990
for all identical age groups in women. This might be
explained by the cffect of the time gap between the
decrease in BMD and occumrence of lumbar OP. Although
higher BMD was observed in the middle-aged group, this
might not influence epidemiological indices of lumbar OP
such as prevalence within only a 10-year span. As
participants become old enough to be expected to have
lumbar OP, its prevalence is expected to decrease.

Contrary to lumbar OP, the prevalence of lumbar OA
was not sigmificantly different between men and women in
1990 and 2000, and age was not associated with the
prevalence of lumbar OA except for women in 2000 (P<
0.01). Regarding the trend of changes in the prevalence of
lumbar OA between 1990 and 2000 in same-age groups,
the prevalence of lumbar OA in 2000 was higher than that
in 1990 in both men and women, with significance in men
{men P<0.01, women P=0.08). Concemning the association
between age and lumbar OA, Lawrence found that the
radiological prevalence of disc degeneration in the lumbar
spine in the age group of 35-45 years increased with age
[28]. O°Neill et al. reported that the frequency of vertebral
osteophytes increased with age [29]. We previously
compared the prevalence of lumbar OA determined by
KL grade >3 in British and Japanese populations and
reported that prevalence was higher in Britain than in Japan
[15]. The difference may be partly explained by cthnic
vanation.

To the best of our knowledge, the present study represents
the first report on the incidence of lumbar OP in Japan. If the
incidence obtained in this study is generalized 1o the current
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Japanese population in the age group of 40-79 years,
970,000 new cases of lumbar OP (160,000 men, 810,000
women) are cstimated to occur annually. When classified by
age, the incidence of lumbar OP in women was the highest in
their 50s, followed by those in their 70s. We previously
reported that the rate of change in lumbar spine BMD in
women in the present population was the highest in their S0s
[12, 25] and is rclated to the decrease in female hormones
[30]. The present finding that the incidence of lumbar OP
was the highest among women in their 50s suggests that the
incidence of lumbar OP is closely related to the menstrual
status, particularly menopause, and rmate of change in
lumbar spine BMD. Since more than 2.2% of women are
estimated to develop lumbar OP annually in their 60s and
70s {ages at which the effects of menopause are thought to
be attenuated), measures for preventing lumbar OP among
the clderly as well as women during penmenopause are
urgently required. The annual incidence of lumbar OP
among men in their 60s and 70s was more than 1.0%.
Although this incidence is lower than that among women, it
is estimated that 160,000 male cases occur annually as
previously mentioned, which nevertheless should not be
ignored. Predictors for finding early and/or potential lumbar
OP in both women and elderly men need to be established
immediately.

In addition, we determined the cumulative incidence of
lumbar OA with disc space narrowing for the first time in
Japan. The 10-year cumulative incidence of lumbar OA
with KL grade =3 tended to increase with age in men. but
not in women, and it was higher in women than in men.
Few reports have described the incidence of lumbar OA in
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population-based cohorts. Hassett et al. showed that the
progression rates for anterior osteophytes and disc space
narrowing were 4% and 3% per year. respectively, among
female participants in the Chingford study [31], which was
approximately similar to the results of the present study.
However, since epidemiological indices such as prevalence
and incidence are highly dependent on the definition of
OA, we cannot compare our results directly with those of
other studies. For example, we defined lumbar OA as KL
grade =3, which shows disc space narrowing with or
without osteophytes, while the Chingford study determined
lumbar OA based on the grading system of osteophytes and
disc space narrowing reported by Lane et al. [32]. Since
few reports have investigated the incidence of lumbar OA
in the general population, further studies are needed to
verify ethnic and geographical differences in the incidence
of lumbar OA. When classified by age, the cumulative
incidence of lumbar OA and OP was highest in women in
their 50s during the early postmenopausal period. There-
fore, it might be suggested that endogenous sex steroids
play a role in the occurrence or progression of lumbar OA
in women.

In some population-based prospective studies, OA of
extremities was reported to increase the risk of osteoporotic
fractures. In the Rotterdam study, knee OA increased the
risk of vertebral and non-vertebral fractures [33]. Arden et
al. reported that patients with knee OA and knee pain have
an increased nsk of hip and other non-vertebral fractures,
which was not explained by the increased risk of falls [34],
Intervertcbral disc space narrowing was found to increase
the risk of VFx in the OFELY study [16, 17]. These
findings suggest that OA is involved in the onset of
fractures resulting from OP. Conversely, Roux et al
reported that intervertebral disc space narrowing and
osteophytes decreased the prevalence of VFx in postmen-
opausal women with OP [35]. In the present study, there
was no significant association between the presence of
lumbar OA and future occurrence of lumbar OP and VFx.
Lumbar OP is diagnosed by lumbar BMD (the value of
which is ecasily affected by osteophytes and sclerosis of
vericbrae and facets and the calcification of abdominal
aorta [16]), which can artifactually increase BMD. There-
fore, lumbar BMD might not be a good surrogate index of
OP. As this is the first report about the causal relationship
of lumbar OA and OP in the Japanese populanon, the
difference might be panly due to the ethnic variation
between Western and Oriental populations. Further studies
are necessary to confirm the causal relationship of OA and
OP in Japan and other countries.

Regarding the contribution of OP to OA, we eluci-
dated that OP at the lumbar spine reduced the risk for
the progression of lumbar OA in women while high
BMD at the lumbar spine accelerated this progression.
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Zhang et al. found that higher BMD at the hip was
associated with prevalent and incident knee OA in older
women in the Framingham study [37). They also found
that increased BMD over the follow-up period indicated a
high risk of incident knee OA [37]. Hart et al. confirmed
that, for women that developed incident knee OA, BMD
was higher in the Chingford study [3%]. Although these
studies reported findings on the BMD and OA at
extremities, not the spinal OP and OA. our results were
almost similar to those of the above-mentioned cohort
studies. Further prospective cohort studies with a larger
sample size and longer observational periods are required
to conclude the causal relationship of OP and OA.

Contrary to lumbar OP, no causal relationship was
observed between OP or BMD at the femoral neck and
cumulative incidence of lumbar OA. This might be because
OP was diagnosed at different sites, which might have
diluted the influence of OA occurrence. This hypothesis
will be clanfied in a study of the association between OP at
the femoral neck and hip OA.

The presence of VFx at bascline showed no association
with occurrence of lumbar OA. The prevalence of VFx
includes various causes. and not all VFx were caused by
OP. The geographic arca in which the present cohort was
established is mountainous. and a significant number of
male subjects worked in the forestry industry and had
experienced falls from trees or down slopes accidentally. In
addition, most participants with previous VFx at the
bascline were old and did not complete the 10-year
follow-up. This survival bias might have influenced the
evaluation of the influences of VFx on occurrence of OA.

The inverse causal relationship between lumbar OP and
OA was only observed in women, not in men. These gender
differences might be explained partly by differences in the
incidence of lumbar OP. The incidence in men in the
present study might be insufficient to detect the causal
relationship. Altematively, differences in gender-dependent
factors such as endogenous sex steroids could influence the
association of OP and OA.

There are several limitations in this study. The primary
limitation is that the cohort comprised a relatively small
number of participants. We were able to follow male and
female residents with confirmed regional representativeness
for 10 years with a high participation rate of 74.8%.
However, 101 participants were lost in the follow-up study
during the 10 years. The main reason for them dropping out
of the study was death. The mean age of women completers
of the age group 70-79 was significantly younger than that
of drop-outs. Thercfore, the prevalence of lumbar OP and
cumulative incidence of lumbar OA in this age group might
be underestimated duc to the effects of survival bias. A
secondary limitation is related to the definition of lumbar
OA. Cumulative incidence as used in the present study was
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detected by dividing the number of individuals who
developed new lumbar OA by the number of participants
in the follow-up study. Individuals with previous lumbar
OA were excluded from both the numerators and denom-
inators. In this formula, we excluded 69 male and 70 female
participants with lumbar OA at the baseline to obtain the
incidence of the first lumbar OA, which might reduce the
total number of population at risk and cause a decrease in
statistical power. Our result regarding lumbar OA incidence
in the present study might need to be confirmed in larger
population-based cohorts.

With the goal of elucidating the environmental and
genetic background of bone and joint discases represented
by OA and OF, we established larger scale cohorts based on
the present cohort, called Research on Osteoarthritis/
Osteoporosis Against Disability (ROAD), and have already
started the follow-up study [39]. This enlarged population-
based cohort study may confirm the consistency of
epidemiological trends for OP and OA and clarify the
causal relationship between these two major bone and joim
diseases.

Caonclusion

Based on observations from a population-based cohort over
a 10-year period, the estimated incidence of OP at the 1.2-4
level of the lumbar spine per 10,000 person-years for men
in their 40s, 50s, 60s, and 70s was 0, 0, 109.5, and 151.1
and that for women was 124.2, 384.0, 227.3, and 239.5,
respectively. The cumulative incidence of lumbar OA over
10 years for men in their 40s, 50s, 60s, and 70s was 18.5%,
20.0%, 27.6%, and 37.9% for men and 37.1%, 53.6%,
48.4%. and 43.8% for women, respectively. Cox’s propor-
tional hazards model showed no significant relationship
between the presence of lumbar OA at the baseline and
future incidence of lumbar and femoral neck OP. A
significant relationship existed between the presence of
lumbar OP at the baseline and future incidence of lumbar
OA in women (odds mtio 0.20, 95% confidence interval
0.05-0.80, P<0.05). It may be suggested that the presence
of OA does not increase the risk of incident OF in both
genders and that the presence of OP reduces the risk of
incident OA at the spine in women.
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A NEW METHOD FOR EVALUATION OF FRACTURE HEALING BY
ECHO TRACKING
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Abstract—Assessment of bone healing on radiographs depends on the volume and radio-opacity of callus at the
healing site, but is not necessarily objective, and there are differences of judgment among observers, To overcome
this disadvantage, a clinical system was developed to quantify the stiffness of healing fractures of the tibia in
patients by the echo tracking (ET) method in a manner similar to a three-point bending test. The purpose of this
study was to ensure that the ET system could clinically assess the progress, delay or arrest of healing. The fibular
head and the lateral malleolus were supported. A 7.5-MHz ultrasound probe was placed on the proximal and
distal fragments and a load of 25 N was applied. Five tracking points were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET system, two probes measured the displacement of
five tracking points on each of the proximal and distal fragments of the tibia, thereby detecting the bending of
the two fragments generated by the load. ET angle was defined as the sum of the inclinations of the proximal and
distal fragments, Eight tibial fractures in seven patients treated by a cast or internal fixation were measured over
time. In patients with radiographically normal healing, the bending angle decreased exponentially over time.
However, in patients with nonunion, the angle remained the same over time. It was demonstrated that the ET
method could be clinically applicable to evaluate fracture healing as a versatile, quantitative and noninvasive

technique, (E-mail: ohnishii-dis@h.u-tokyo.ac.jp)
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INTRODUCTION

The mosi important issue in assessment of fracture heal-
ing is to obwin information about restoration of the
mechanical integrity of the bone. In clinical practice,
fracture healing is usually judged from serial radio-
graphs, Assessment of bone healing on radiographs de-
pends on the volume and radio-opacity of callus at the
healing site, but is not necessarily objective, and there
are differences of judgment among observers. In addi-
tion, radiographs cannot evaluate fracture site strength.
In these respects, assessment of fracture healing by using
radiographs is far from ideal.

The stated disadvantages of radiography for assess-
ment of fracture healing have been pointed out in recent
years, and various other methods of assessment have
been developed. Jernberger (1970) devised an invasive

Address correspondence to: lao Ohnishi, M.D., Ph.D., Depant-
ment of Orthopacdic Surgery, Univessity of Tokyo, 7-3-1 Hongo,
Bunkyo-ku Tokyo, 113-0033, Tokyo, Japan.
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method for measuring the bending stiffness of healing
fractures of the tibia. With his method, the proximal and
distal bone fragments were fixed by screws that were
connected to a specially designed beam, and a load was
applied through a screw at the center of the fixing screws.
The method was based on the principle governing the
bending of two beams connected at the ends and sub-
jected 1o a bending force applied ar the midpoint. Burny
et al. (1984) developed a method that used a struin gauge
attached to a fixator shaft. With their method, the strain
gauge readings were monitored over time during weight
bearing, and the pattern of fracture healing was classified
into seven categories (such as normal, delayed, arrested,
efc. ). Assessment using acoustic emission (AE) was de-
veloped by Nicholls and Berg (1981), who detected
acoustic pulses generated by microscopic failure of the
bone under loading. The investigation by Watanabe et al.
(2001) revealed that AE signals occurred with the yield-
ing of callus. However, the strain gauge method and the
AE method have the disadvantage that both are limited to
patients with external fixation, and both require the in-
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sertion of screw pins or wires. For these reasons, such
methods have not been widely used and a new method is
needed that is both noninvasive and widely applicable.

To overcome such limitations, we developed a new
method for the noninvasive and quantitative assessment of
fracture healing. Bone always undergoes deformation in
response 1o an applied load. By quantitatively measuring
this deformation, it is possible to assess the mechanical
properties of bone and thereby estimate the strength of a
fracture site. In this study, we attempted to noninvasively
assess the bending stiffness of the healing fracture sites after
applying a load. To measure bending stiffness, we focused
on ultrasound because it is noninvasive. Precise measure-
ment of the displacement of a specific point can be done by
the echo tracking (ET) method. This method is a technique
for measuring minute displacement of a certain point on a
tissue by detecting a wave pattern in the radiofrequency
(RF) echo signal reflected from the target tissue (Fig. 1)
(Hokanson et al. 1972). To apply this technique for detec-
tion of bone deformation, we improved it so that displace-
ment could be measured with an accuracy of 2.6 um
(Matsuyama et al. 2006). We also developed a multi-ET
system that was able 10 simultancously track dynamic
movement at multiple points on the bone surface. In our
previous study of the three-point bending test using a por-
cine tibia, the strain gauge readings and the data from the
multi-ET system showed an almost perfect linear correla-
tion with the load (r = 0.998). These results indicated the
possibility of using the echo tracking method to detect bone
surfuce deformation.

The purpose of this study was to determine whether
our newly developed ET system could clinically assess
the progress, delay or arrest of healing by detecting the
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bending stiffness at the fracture healing site. Fracture
healing was evaluated in patients with tibia fracture
treated by a cast or internal fixation.

METHODS

A clinical system was developed to quantify the stiff-
ness of healing fractures of the tibia in patients by the ET
method in a similar manner to a three-point bending test.
Five tracking poinis were set along the long axis of the
ultrasound probe at intervals of 10 mm. With a multiple ET
system, two probes measured the displacement of five
tracking points on each of the proximal and distal fragments
of the tibia. thereby detecting the bending of the two frag-
ments generated by the load. ET angle was defined as the
sum of the inclinations of the proximal and distal fragments
(Fig. 2). When callus was weak in the initial stage of
healing, the tracked points were almost in a straight line and
the inclination of the two fragments was calculaied directly.
However, when the callus was more rigid in the late stage
of healing, the line connecting the points was curved and
the inclination was obtained from the slope of the linear
regression equation for the displacement of the points.

Before clinical application of this method, its accu-
racy was evaluated by measuring the inclination of the
metal flat panel.

Measurement of the accuracy of ET angle using an
inclined flat metal panel

A flat stainless steel (SUS 4200) panel (length 270
mm, width 60 mm, thickness 5 mm) was used, which had
a parallel accuracy and flatness variation of <2 pm. One
end of the panel was attached to a magnet stand (DG,
Noga Japan Ltd, Saitama, Japan), and the other side was
attached 1o a goniometer (X13-001, Tsukumo Co, Lid,
Saitama, Japan) fixed to another magnet stand. Then, the

ET angle

Fig. 2. Probes are set on esch of the proximal and distal

fragments of the tibia 1o detect the bending of the two [rag-

menls generaled by a load. The ET angle is defined as the sum
of the inclination of both fragments,
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Fig. 3. The accuracy of the ET measurement was evaluated by

measuring the inclination of the fAat metal panel simultaneously

using a 3-D measuring device. (A) 3-D measuring device: (B)
7.5-M Hz linear ultrasound probe,

metal panel was inclined by increasing the height of the
goniometer stand. A 7.5-M Hz linear ulirasound probe
(UST-5710-7.5, Aloka Co. Lid., Tokyo) was set at a
distance of 20 mm from the panel to measure the changes
of displacement of cach of five points on the panel (Fig.
3), Using these data, the ET angle of the panel was
calculated. At the same time, the inclination of the panel
was accurately measured using a 3-D measuring device
(AE112, Mitsutoyo, Kanagawa, Japan) with an accuracy
of | pm. The panel was inclined by elevating the sliding
mechanism of the stand by 0.4 mm and the inclination of
the panel was measured 5 times, after which the mean
and standard deviation were calculated. Accuracy was
evaluated by calculating the standard deviation of the
difference between the ET angle and the inclination
measured by the 3-D measuring device in each of the
measurement trials.

Clinical measurement of fracture site bending stiffness
Eight tibial fractures in seven patients with an av-
erage age of 37 y (range 2469 y) were measured (Table

1). Two fractures of two patients were treated conserva-
tively with a cast, and six fractures of five patients were
treated by internal fixation (locked intramedullary nail-
ing in 4, plating in | and screws in 1). The average
measurement period was 40.8 wk (21-60 wk), and the
average number of measurements was 7.5 (5-11).
Patients assumed the supine position with both
knees extended, and the affected leg was held horizontal
with the antero-medial aspect of the tibia upwards. The
fibular head and the lateral malleolus were supported and
held tight by a Vacufix (Muranaka Medical Instrument
Co., Lid., Osaka, Japan) to avoid rotation of the leg
during loading trials. Before measurement, B-mode im-
ages of the short axis of the proximal and distal frag-
ments of the tibia were obtained to identify the center in
both directions. By connecting both of the centers, the
anatomical axis of the tibia was identified. A 7.5-MHz
ultrasound probe was placed on the antero-medial aspect
of each of the proximal and distal fragments in the long
axis. Each probe was equipped with a multi-ET system
with five tracking points at 10-mm intervals. The probes
were set vertically on the skin of the leg and held tight
with an articulated holder (DG61003, Noga Japan Lud.,
Saitama, Japan). A load of 25 N was applied at a raie of
5 N/s and then reduced to O N at the same rate using a
force gauge (DNP, Imada, Osaka, Japan) parallel to the
direction of the probe at the most distal part of the
proximal fragment adjacent to the fracture site (Fig. 4).
For the initial measurement obtained in each patient, the
loading point was set right on the long axis near the
fracture site using a B-mode image as a guide. With this
setup, the tibia was bent in the same way as for a
three-point bending test in the direction of the ultrasound
beam. In patients with oblique or spiral fractures, the
loading point and the tracking points were set so that
they did not cover the fracture site. In patients with a
bone graft at the fracture site, the loading point was set
on the graft, but the probes were placed so as not to cover
it. In the patient with a plate, both the proximal and distal
probes were set on the plate surface to measure bending
of the plate. Using the multi-ET system, the probes

Table 1. Clinical cases of the tibial fructure

Measurement period Radiographic

Case Gender Age Limb Treatment fracture healing (Initial-final) finding

1 F 24 Casting 447 wk Normal

2 M 29 R Casting 7-28 wk Normal

3 M 23 R Bone grafting 8-27 mo Normal

4 M 3 k Nailing 4-19 wk Normal

5 F 57 R Nauling 5-10mo Normal

6 F 57 L Nailing 6-10 mo Normal

7 F 26 R Nailing Sy2lmo-3y 7 mo Nonunion

H] M 69 R Plating 945wk Delayed
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=~ Supporter (Vacufix) ik

Fig. 4. The affected leg of a patient was held horizontal with the

antero-medial aspect of the tibia upwards. The fibular head and

the lateral malleolus were supported and held tight by a Vacu-

fix. The probes were set vertically on the skin of the leg and

held tight with an articulated arm. A load was applied using a
force gauge parallel to the direction of the probe.

detected the angle between the proximal and distal frag-
ments generated by the load. Measurement was repeated
five times, and the mean and the standard deviation of the
ET angle were calculated.

Fracture healing was assessed at intervals of two or
three weeks until radiographic union or arrest of healing
occurred. In each patient, the decrease of the ET angle was
statistically examined to determine whether it decreased
exponentially and whether the decrease was significant. To
evaluate the changes of the ET angle over time, exponential
regression analysis was performed, and the curve of the ET
angle vs. time relation was drawn, Differences were con-
sidered significant when the p value was less than 0.05,

To investigate the influence of the position of the
probes and the patient on the resulis, the precision of the
method was evaluated by repeated measurement of the
ET angle in a patient with a diaphyseal fracture of the
tbia treated by a cast (case 2). In addition, the linearity
of the relation between the load and the ET angle was
assessed by incrementally increasing the load from 10 to
30N, The vltrasound device (SSD 1000, Aloka Co. Lid.)
used in this investigation is used clinically and its safety
has been established. The protocol of this investigation
was approved by the ethics committee of The University
of Tokyo Hospital, and the patients were enrolled after
informed consent was obtained.
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RESULTS

Accuracy of ET angle measurement for a flat metal panel

Measurement of the inclination of the flat metal
panel showed that the average inclination was 0,117°
and the standard deviation was 0.002°. The average
inclination obtained with the 3-D measuring device
was 0.116°, with a standard deviation of 0.003%. The
standard deviation of the differences between the data
obtained by the ET method and by the 3-D measuring
device was 0.002°.

Clinical measurement of fracture site bending stiffness

The average time required for measurement was
17 min (range 15-20 min). At each loading trial, none
of the patients complained of pain and there were no
complications related to measurement.

The precision of this method was evalvated by
repeating measurement of case 2 (treated with a cast),
with repositioning of the leg and the ultrasound
probes. The mean and standard deviation of the ET
angle were 0,316 = 0.015, and the coefficient of
variation was calculated 1o be 4.6%. The linearity of
the relation between the load and the bending angle
was very high, with a correlation coefficient of 0.997.

Cases presentation

Case 1: A 24-year-old-woman treated with a cast.
The patient sustained a spiral fracture of the proximal
diaphysis of the tibia in a traffic accident, and a patella
tendon bearing brace cast was applied. Healing was
assessed by the ET method, as well as radiographs a
total of Il times from 4 weeks 1o 47 weeks after
fracture. The fracture line became opaque and the
callus volume increased from 4 weeks to 19 weeks,
but after 26 weeks there was almost no change of
the thickness of the callus. On the other hand, mea-
surement showed that the ET angle was about 1° at
4 weeks, and that it decreased exponentially (y =
1.40e "195% = _0.975, p < 0.0001). The ET angles
of both cases | and 2 treated with a cast decreased
exponentially over time and they reached the level of
the intact side by 22 weeks (Fig. 5a. b).

Case 7: A 26-year-old-woman with a fracture of the
diaphysis of the tibia treared by a locked intramedullary
nailing. ET measurement was performed five times
from 5y 2 mo 1o 6 y 7 mo after fracture. Her X-ray
films showed hypertrophic nonunion, but judgment
whether healing was proceeding was extremely diffi-
cult. ET measurement showed that there was no sig-
nificant decrease of the angle over a period of 1 y and
5 mo (y = 0.264¢" %X r = (0,238, p = 0.700) (Fig.
6a. b).
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Fig. 5. (a) Time sequential change of the fracture site X-ray from 4 weeks to 32 weeks after fracture in case | treated
with casting. The fracture site healed normally. (b) In the same patient. the ET angle was plotted. The ET angles
decreased exponentially over time.

Case 8: A 69-year-old-man with a long oblique change showed an exponential curve (y = 0.40e
fracture treated with a plate. His X-ray films showed a r = —=0.895, p = 0.0005) (Fig. 7a, b). In patients with
long obligue fracture line extending for almost 80 mm radiographically normal healing, the bending angle
Measurement was performed 10 times from 9 weeks to decreased exponentially over time (Fig. 8). However,
45 weeks after fracture, during which period almost no in patients with nonunion, the angle remained the
change of the [racture site or callus was recognized on same over lime.

X-ray films. The ET method measured the bending

angle of the plate. The change was very slow, but the DISCUSSION
angle decreased significantly from 0.28 to 0.2 degrees., Our method allows noninvasive assessment of
and then finally declined to 0.1 degree. The overall bending stiffness at the healing site, so it can be appli-
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Fig. 6. (a) Time sequential change of the fracture site X-ray from 5 ¥ 4 mo 10 6 ¥ 7 mo after fracture in case 7, treated

with intramedullary nailing. The X-ray films showed hypentrophic nonunion, but judgment of whether healing was

proceeding was extremely difficult. (b) In case 7, the ET angle showed no change over time and the regression lines
showed no significant decrease.

cable to patients treated conservatively as well as those
managed by surgical intervention with plating or in-
tramedullary nailing.

In this study, the precision and reproducibility of the
method were evaluated. The precision of measuring dis-
placement by using the echo tracking system specially
designed for bone surface measurement has already been
assessed, and a precision of 2.6 g was demonstrated in
our previous study. However, the precision of measuring
the bending angle has not been investigated before. We
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obtained a precision of 0.002%, which was thought to be
adequate based on the results of the study by Moorerolt
et al. (2001) that evaluated fracture healing. They used
the three-point bending test to gencrate angles of 0.4 1o
10" in an in-vivo measurement trial and connected a
goniometer to the bone fragment via screw pins fixed to
a side bar of the external fixator 1o detect bending at the
fracture site.

When estimation of the lincarity of measurement
was done in relation to the load, there was excellent
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Fig. 7. (a) The X-ray films of case 8, treated with plating. No change of the fracture site or callus was recognized on
X-ray films. (b) The ET method measured the bending angle of the plate, The change was very slow, but the angle
decreased significantly from (.28 10 0.2°% and then finally dectined 1o 017

linearity between magnitude of the load and the ET angle
(r = 0.997), indicating that elastic deformation of the
fracture site had occurred under a load range of 10 1o 30
N. Therefore, measurement was shown to be noninvasive
as well as safe, without causing any residual deformity,

Reproducibility of the measurement method was esti-
mated to be 0.015°, which was adequate to evaluate fracture
healing quantitatively, because the angle ranged from
around 1° in the initial stage to about (.17 in the final stage
when it was almost equivalent to that of the intact tibia.
However, we have to improve the reproducibility of mea-
surement in vive, The factors affecting reproducibility in
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vivo include the position of the leg, loading direction and
positions of the probes. Among these, the positioning or
fixation of the leg seems to have the most influence on the
reproducibility of measurement,

For ¢linical evaluation of fracture healing, data ob-
tained by the ET method were compared with X-ray
findings over time. In patients with delayed healing or
nonunion, judgment of the healing process using X-ray
films was difficult because the direction and conditions
of obtaining images were not exactly the same every
time, so the findings were not reproducible. In contrast,
the echo tracking method evaluated fracture stiffness
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Fig. 8. In cases | through 6, the changes of the ET angle showed an exponential pattern. The comrelation coefficients
obtained by the regression equation for the ET angle and time were very high in these cases.

with considerable accuracy, sensitivity and reproducibil-
ity.

In patients with radiographically normal healing,
the bending angle decreased exponentially over time.
However, in patients with nonunion, the angle remained
the same over time. According to the results obtained
with previous methods such as the strain gauge method
and the invasive method of Jernberger (1970), strain or
deformation caused by loading at the healing site has
been reported 1o diminish exponeniially over time in
patients with normal healing. Among these previous
studies, Bourgois and Burny (1972) evaluated fracture
healing in hundreds of patients treated with an external
fixator that was instrumented with a strain gauge. They
not only accumulated considerable clinical data on the
strain readings over time, but also theoretically proved
by mathematical simulation that the change of the strain
over time during normal healing could be expressed as a
typical hyperbolic curve. In addition 1w this, they proved
that the time course of the change in strain could also be
a hyperbolic curve by developing fracture simulation
models with stabilization by intramedullary nailing, plat-
ing and external fixation. As a result, their clinical data
were compaltible with those for the theoretical model of
external fixation. They classified the pattern of fracture
healing into seven categories depending on the differ-
ence in the healing process. Among them, normal heal-
ing was defined as healing in which the strain reading vs.
ume curve reaches a plateau at 60 10 90 days after
fracture. Slow healing was defined as healing in which
the decline of strain was very slow compared with the
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normal pattern but the healing process was progressive
over time. Nonunion was defined as cessation of the
progress of healing. In two patients treated with a cast in
our study, the ET angle decreased rapidly until 10 weeks
after fracture 1o a level twice that on the intact side, and
then it decreased slowly. The exponential regression
curve for the echo tracking angle vs. time showed a very
strong correlation (case 1, r = =0.975). Therefore. it can
be concluded that the echo tracking method could be
used 1o evaluate normal healing as proposed by Burny et
al. (1984). As shown in Fig. 5, the progress of healing in
patients treated with intramedullary nailing and bone
grafting could be assessed by using the ET method. The
ET angle vs. ume relation in these cases was also ex-
pressed by exponential curves. However, the ET angle
curve of patient 7 (Fig. 6b) did not show any significant
decrease of the angle and there was no correlation be-
tween the ET angle and time. From this, the healing
process was diagnosed as nonunion. The ET angle of
patient 8, treated with plating, showed an extremely slow
decrease over time from 9 weeks to 33 weeks, but
reduction of the angle was statistically significant until
45 weeks, so the healing process was concluded to be
delayed.

Fracture site stiffness was adopled as a parameter
for evaluation that was thought to be correlated with
strength of bone healing. In various earlier studies of
fructure site mechanical properties, stiffness was mea-
sured to estimate the strength of the fracture site. How-
ever, stiffness is not necessarily correlated with strength,
Chehade et al. (1997) investigated this relationship in 24
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sheep. The tibia was stabilized with an external fixator
and then osteotomy was done. Next, the tibiae were
excised at 6, 8 and 10 wk after osieotomy and a 4-point
bending test was done. As a result, in the initial stage of
healing, stiffness showed a strong correlation with
strength (r = 0,89), but there was no correlation between
them in the remodeling stage. However, as Chehade et al,
(1997) stated, because the stiffness of the fracture site is
strongly correlated with the strength until remodeling is
initiated, it is clinically significant to monitor fracture
site stiffness as a substitute for sirength to determine the
appropriate level of weight bearing so that patients can
avoid refracture because of overloading the fracture site
during postoperative management. In the remodeling
stage, we need to pay special attention Lo the relationship
between stiffness and strength, even if stiffness reached
the same value as the intact side.

Fracture healing was evaluated quantitatively by the
echo tracking method in patients treated conservatively
as well as by internal fixation. All previous methods of
assessment could only be applied 1o patients treated with
an external fixator that required the insertion of wires or
screw pins, and none of the methods could achieve
evaluation in a totally noninvasive manner. The potential
problem with evaluating patients treated with internal
osteosynthetic devices such as intramedullary nails or
plates is that the stiffness at the fracture site is the sum of
stiffness for both the healing fracture and the implant,
The stiffness of the implant is very high compared with
that of the healing fracture because it is made of a metal
such as stainless steel or titanium-aluminum-vanadium
alloy, Therefore, the combined stiffness at the fracture
site is usually very high compared with that in patients
receiving conservative treatment by casting. In such pa-
tients with internal osteosynthetic devices, comparison of
stiffness with the intact side does not have any meaning
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for evaluation of fracture healing. Therefore, we have o
be careful with interpretation of the changes of stiffness
over time in such cases. How the implanted material and
the configuration of stabilization affect fracture site stiff-
ness should be investigated in the future so that we can
assess fracture healing more precisely in patients with
internal fixation.

In conclusion, it was demonstrated that the echo
tracking method could be clinically applicable to evalu-
ate fracture healing as a versatile, quantitative and non-
invasive technique. Further development of this method
should be performed so that it can be applied 1o other
anatomical sites by improving accuracy and precision.

A(.tmwtedm“mm—-‘l'lus work was funded in part by a grant from the
Ph ical and Medical Devices Agency of Japan.
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Although degradation of cartilage matrix has been suggested
to be a rate-limiting step for endochondral ossification during
skeletal development, little is known about the transcriptional
regulation. This study investigated the involvement of KLF5
{Kriippel-like factor 5}, an Sp/KLF family member, in the skele-
tal development. KLF5 was expressed in chondrocytes and
osteoblasts but not in osteoclasts. The heterozygous deficient
(KLF5"'") mice exhibited skeletal growth retardation in the
perinatal period. Although chondrocyte proliferation and dif-
ferentiation were normal, cartilage matrix degradation was
impaired in KLF5"'~ mice, causing delay in replacement of car-
tilage with bone at the primary ossification center in the embry-
onic limbs and elongation of hypertrophic chondrocyte layer in
the neonatal growth plates. Microarray analyses identified
MMP9 (matrix metalloproteinase 9) as a transcriptional target,
since it was strongly up-regulated by adenoviral transfection of
KLF5 in chondrogenic eell line OUMS27. The KLF5 overexpres-
sion caused gelatin degradation by stimulating promoter activ-
ity of MMP9 without affecting chondrocyte differentiation or
vascular endothelial growth factor expression in the culture of
chondrogenic cells; however, in osteoclast precursors, it
affected neither MM P9 expression nor osteoclastic differentia-
tion. KLF5 dysfunction by genetic heterodeficiency or RNA
interference was confirmed to cause reduction of MMP9 expres-
sion in cultured chondrogenic cells. MMP9 expression was
decreased in the limbs of KLF5*'~ embryos, which was correlated
with suppression of matrix degradation, calcification, and vascu-
larization. We conclude that KLF5 causes cartilage matrix degra-
dation through transcriptional induction of MMP9, providing the
first evidence that transcriptional regulation of a proteinase con-
tributes to endochondral ossification and skeletal development.

Endochondral ossification is an essential process for skeletal
development and growth (1). During the process, chondrocytes
undergo proliferation and hypertrophic differentiation. The
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hypertrophic chondrocytes then secrete a specialized extracel-
lular matrix rich in type X collagen (COL10),” which is replaced
by bone matrix. The ossification begins with chondrocyte apo-
ptosis, cartilage matrix degradation, calcification, vascular
invasion from perichondrium and bone marrow, and deposi-
tion of bone matrix by osteoblasts (2). Among these individual
steps, previous studies have indicated that degradation of car-
tilage matrix is particularly crucial (3-6). This step requires
proteolytic breakdown by a variety of proteinases, among which
members of the matrix metalloproteinase (MMP) family are of
special interest due to their ability to cleave collagens and
aggrecan, the two principal matrix components of cartilage (7,
8). However, little is known about transcriptional regulation of
MMPs in the endochondral ossification process.

Members of the Kriippel-like factor (KLF) family are important
transcription factors that regulate development, cellular differen-
tiation and growth, and pathogenesis of atherosclerosis and tumor
development, by controlling the expression of a large number of
genes with GC/GT-rich promoters (9). There are currently 17
known members of the mammalian KLF family (10), each of which
has individually important biological functions (11). Among the
members, KLF5 (IKLF, BTEB2) was identified as a positive regu-
lator of SMemb, a marker gene for activated smooth muscle cells
in vascular disease (12), KLF5 shows temporal changes in expres-
sion during embryogenesis, with diverse functions in cell differen-
tiation and embryonic development (13, 14). Although KLF5
homozygous knock-out (KLF5™ ') mice die in utero before
embryonic day 8.5 (E8.5), the heterozygous knock-out (KLF5"' )
mice are apparently normal and fertile (15). Further analyses of
these mice revealed that KLF5 mediates cardiovascular remodel-
ing, since the mice exhibited attenuated cardiac hypertrophy and
fibrosis as well as much less granulation formation in response to
vascular injury (15). The neonatal KLF5™'~ mice also exhibited a
marked deficiency in white adipose tissue development, suggest-
ing a contribution to adipogenesis (16).

The KLF family shares similar zinc finger structures with the
Sp family, some members of which are known to be essential for

? The abbreviations used are: COL10, type X collagen; COL2, type i collagen;
KLF, Krippellike factor; M-CSF, macraphage-colony stimulation factor;
M-BMM®D, M-CSF d dent-bone macrophages; MMP, matrix
metallopmr.eirme-TRAP tartrate-resistant acid phosphate; RANKL, recep-
tor activator of nuclear factor <8 ligand; HE. hematoxylin and eosin; TUNEL,
terminal dUTP nick-end labeling; EV, empty vector; RT, reverse transcrip-
tion; VEGFA, vascular endothelial growth factor A; En, embryonic day n;
ADAMTS, a disintegrin and llog inase with thrombospondin-like
repeat.
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skeletal development and growth. For example, Sp3 and Sp7
(osterix) are required for skeletal ossification (17) and osteo-
blast differentiation (18), respectively. The present study ini-
tially detected KLF5 expression in cells of bone and cartilage.
To learn the role of KLF5, we analyzed the skeleton of KLF5 ™’
mice and found that the KLF5 insufficiency caused impaired
degradation of cartilage matrix in the perinatal period. We fur-
ther investigated the underlying molecular mechanisms.

EXPERIMENTAL PROCEDURES

Mice—Generation of KLF5""" mice was described previ-
ously (15). All mice were maintained in the C57BL/6 back-
ground with a standard diet. In each experiment, male mice of
KLF5"'" and the wild-type littermates were compared. All
experiments were performed according to the protocol
approved by the Animal Care and Use Committee of the Uni-
versity of Tokyo.

Cell Cultures—Mouse osteoblastic cell line MC3T3-El,
mouse chondrogenic cell line ATDCS, and mouse monocyte-
macrophagic cell line RAW?264.7 were purchased from RIKEN.
Human chondrogenic cell line OUMS27 was purchased from
the Health Science Research Resources Bank. For isolation of
primary osteoblasts, calvariae of neonatal wild-type mice were
digested for 10 min at 37 *C in an enzyme solution containing
0.1% collagenase and 0.2% dispase five times, and cells isolated
by the last four digestions were combined. Primary chondro-
cytes were prepared from ventral rib cages (excluding the ster-
num) of EI85 wild-type mouse embryos as previously
described (19). For mature osteoclasts, macrophage colony-
stimulating factor (M-CSF)-dependent bone marrow macro-
phages (M-BMM®), which are known to be osteoclast precur-
sors, were isolated from bone marrow of 6 - 8-week-old mice,
as previously described (20), and cultured in the presence of
M-CSF (30 ng/ml) and soluble receptor activator of nuclear
factor B ligand (RANKL; 100 ng/ml) for 3 days. Primary osteo-
blasts and MC3T3-E1 cells were cultured in a-minimal essen-
tial medium containing 10% fetal bovine serum. Primary chon-
drocytes, ATDC5, OUMS27, and Raw264.7 cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10% FBS.
For proliferation assay of primary chondrocytes, cell number
was counted using Cell Counting Kit-8 (Dojindo).

Histological Analyses—The whale skeletons of wild-type and
KLF5''" littermate embryos (E16.5) were fixed in 99.5% etha-
nol, transferred to acetone, and stained in a solution containing
Alizarin red S and Alcian blue 8GX (Sigma). Tibial limbs were
fixed in 4% paraformaldehyde/PBS, embedded in paraffin, sec-
tioned in 5-pm slices, and stained with hematoxylin and eosin
(HE), toluidine blue, Safranin-O, and 5% silver nitrate (von
Kossa), according to the standard procedures. TUNEL staining
was performed using an apoptosis in situ detection kit (Wako),
according to the manufacturer’s instruction. TRAP-positive
cells were stained at pH 5.0 in the presence of 1-(+)-tartaric
acid using naphthol AS-MX phosphate in N.N-dimethyl form-
amide as the substrate. For imnmunohistochemistry, rabbit anti-
mouse antibodies against KLF5 (1:100; KM1785) (15), type 1l
collagen (COL2) (1:1000; LSL), COL10 (1:1000; LSL), and
osteopontin (1:1000; LSL), a goat anti-mouse antibody against
MMP9 (1:150; R&D), a mouse anti-mouse antibody against the
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aggrecan DIPEN neoepitope (1:100; ab3777; Abcam), and a rat
anti-mouse antibody against CD34 clone MECI14.7 (1:50;
Hycult Biotech) were used. For bromodeoxyuridine labeling,
animals were injected intraperitoneally with bromodeoxyuri-
dine (25 ug/g body weight; Sigma) 2 h prior to sacrifice, and the
sections were stained with a bromodeoxyuridine staining kit
(Zymed) according to the manufacturer’s instructions.

Viral Transfections and Osteoclastogenesis Assay—For ade-
novirus infection of KLF5 to OUMS27 cells, the construction of
adenovirus KLF5 expression vector was described previously
(21). Adenovirus expressing KLF5 or the control empty vector
(EV) was transduced to the cells at 40 or 100 multiplicities of
infection. At 72 h after transfection, the cells were harvested
and used for subsequent assays. For retrovirus infection of
KLF5 to M-BMM®, the construction of retrovirus KLF5
expression vector was described previously (16). M-BMM®
were infected with KLF5 or control retroviral particles and fur-
ther cultured with M-CSF (30 ng/ml) and soluble RANKL (100
ng/ml) for 4-5 additional days, and then the number of cells
positively stained for TRAP and containing more than three
nuclei were counted as osteoclasts.

RNA Interference—Small interfering RNA oligonucleotides
were constructed by DHARMACON. They were transfected to
OUMS27 cells in concentrations of 200 nu, according to the
manufacturer’s instructions, and cultured for 72 h for subse-
quent assays. Small interfering RNA probe sequences are
described in the supplemental materials.

Real Time RT-PCR, Western Blotting and Gelatin
Zymography—For RT-PCR, total RNAs were reverse-tran-
scribed with MultiScribe reverse transcriptase (ABI). Real time
PCR was performed on an ABI Prism 7000 sequence detection
system (ABI) using QuantiTect SYBR Green PCR Master Mix
(Qiagen), according to the manufacturer’s instructions.
Sequence information is described in the supplemental materi-
als. For Western blot analysis, primary antibody to KLF5
(1:1000; KM1785) (15), MMP9 (1:1000; R&D), or B-actin
(1:2000; Sigma) was used. For gelatin zymography, 10 ug of cell
lysates was loaded to a zymogram acrylamide gel. The gel was
electrophophoresed and incubated with developing buffer for
40 h using a Zymography Electrophoresis kit (Cell Garage).

Microarray Analysis—Target genes of KLF5 were identified
by comparing mRNA expression in OUMS27 cells with adeno-
viral introduction of KLF5 or EV using two systems of microar-
ray analyses: APHS-016 (for human extracellular matrix and
adhesion molecules; supplemental Table 1) and APHS-024 (for
human angiogenesis molecules; supplemental Table 2) in an
RT2 Profiler PCR Array System (Super Array Bioscience). For
MMPI19 and -20 and ADAMTS4, -5, -9, and -15, which are not
included in the array systems, real time RT-PCR analysis was
separately performed. Sequence information is described in the
supplemental materials.

Luciferase Assay—The human MMP9 promoter regions
from —1,250 bp relative to the transcriptional start site were
cloned into the pGL4-Basic vector (Promega). The luciferase
assay was performed with a dual luciferase reporter assay sys-
tem (Promega) using GloMax™' 96 Microplate Luminometer
(Promega).
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Radiological Analyses—Plain radiographs were taken using a
soft x-ray apparatus (CMB-2, SOFTEX), and bone mineral den-
sity was measured by dual energy x-ray absorptiometry using a
bone mineral analyzer (PIXImus, Lunar Corp.).

Bone Fracture Experiment—A transverse osteotomy was cre-
ated at the midshaft of the right tibia using a bone saw and was
internally stabilized with an intramedullary nail using the inner
pin ofa spinal needle of 22- or 23-gauge diameter depending on
the size of the cavity, as we reported previously (22, 23). For
histological analyses, specimens of the harvested tibias were
fixed with 4% paraformaldehyde, decalcified with EDTA, dehy-
drated with ethanol, embedded in paraffin, and cut into 5-pm
sections. The sections were stained with HE or toluidine blue.

Arthritis Experiment— Arthritis was induced by the modified
method of Terato et al (24, 25). Briefly, mice were injected
intraperitoneally with 10 mg of an anti-COL2 monoclonal anti-
body (Immuno-Biological Laboratory) on day 0. On days 2 and
7, 50 pg of lipopolysaccharide (100 ul of 500 pwg/ml solution in
saline) was injected intraperitoneally, followed by an intermit-
tent lipopalysaccharide injection every 3 days to the end of the
experiment. As a control, 2.5 and 0.1 ml of saline was injected
similarly to the antibody and lipopolysaccharide, respectively.
The clinical severity of arthritis was graded on a 0 -3 scale as
follows: 0, normal; 1, swelling of ankle or wrist or limited to
digits; 2, swelling of the entire paw: 3, maximal swelling. Each
limb was graded by a single blinded observer, allowing a maxi-
mum arthritis score of 12 for each animal.

Statistical Analysis—Means of groups were compared by
analysis of variance, and significance of differences was deter-
mined by post hoc testing using Bonferroni’s method.

RESULTS

KLFS Expression in Bone and Cartilage—To know the
involvement of KLF5 in skeletal metabolism, we initially exam-
ined the expression of KLF5 mRNA in cells of bone and carti-
lage by RT-PCR analysis (Fig. 14 and supplemental Fig. 1A). It
was expressed in primary osteoblasts and chondrocytes derived
from mouse neonatal calvaria and costal cartilage, respectively,
as well as in osteoblastic cell line MC3T3E] and chondrogenic
cell lines ATDC5 and OUMS27. Meanwhile, the expression was
hardly detected in osteoclasts formed from the precursor
M-BMMd (20) or in monocyte-macrophagic cell line
RAW264.7. Immunohistochemical analysis of tibial limbs of
mouse embryos and neonates showed extensive expression of
KLF5 in cells of all layers of cartilage and perichondrium as well
as in osteoblasts on primary spongiosa (Fig. 18). The expression
in chondrocytes of limb cartilage was visible as early as E135
(supplemental Fig. 1B).

Impaired Cartilage Degradation and Remodelingin KLF5"**
Limbs—To learn the physiological function of KLF5 in vivo, we
investigated the skeletal phenotype of KLF5"' mice, because
KLF5 '~ mice died before E85 (15). Although KLF5°'
embryos (E16.5) showed normal skeletal patterning without
abnormality in major organ development, they were smaller in
size compared with wild-type littermates (Figs. 2, A and B). The
femoral and tibial limbs of KLF5"'~ embryos were 10-15%
shorter than those of the wild-type littermates. In the KLF5" '~
limb shaft, formation of bone and bone marrow tissues around
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FIGURE 1. Expression of KLF5 in cells of bone and cartilage. A, mRNA
expression of KLF5 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the loading control, determined by RT-PCRin mouse primary cells
{upper lanes) (neonatal calvarial osteoblasts, mature osteoclasts formed from
M-BMM® with M-CSF and RANKL stimulation, and neonatal costal chondro-
cytes) and cell lines (lower lanes) (osteoblastic cell line MC3T3E1, monocyte:
macrophagic cell line Raw264.7, and chondmgemc cell Iines ATDCS and
QUMS27).B, localization of KLF5 d i i istry byan
antibody to KLF5 or the control nmimmung !\En.lm in tibial limbs of mouse
embryo (E15.5) and neonate (1 day). The inset boxes in the left panels indicate
the regions of the respective right panels. Scale bars, 100 and 50 um in Jeft and
right panels, respectively.

the primary ossification center was delayed (Fig. 28), and carti-
lage matrix like COL2 or COL10 remained undegraded in the
shaft (Fig. 2C). Accordingly, TUNEL-positive apoptotic chon-
drocytes and tartrate-resistant acid phosphatase (TRAP)-posi-
tive osteoclasts/chondroclasts were decreased in the KLF5*/~
limb. In the growth plate of neonates, although there was no
difference in proliferative and prehypertrophic layers between
the genotypes, the hypertrophic layer was elongated in
KLF5"'" mice (Fig. 2, D and E). The Safranin-O-positive pro-
teoglycan matrix remained in the hypertrophic layer, whereas
the von Kossa-positive calcification layer was reduced in the
KLF5"'" growth plate. These results indicate that the KLF5
insufficiency causes impairment of cartilage degradation and
calcification in the perinatal period.

In an earlier period prior to the occurrence of ossification in
the limb shaft of wild-type mice (E15.5), the limbs were filled
with chondrocytes with comparable production of proteogly-
can, COLI10, and osteopontin in KLF5"'~ and the wild-type
littermates, indicating that KLF5 insufficiency did not affect
chondrocyte differentiation in early stages up to hypertrophic
differentiation (supplemental Fig. 24). Chondrocyte prolifera-
tion determined by bromodeoxyuridine uptake was also similar
between the genotypes (supplemental Fig. 28).

After birth, skeletal growth of KLF5 "'~ mice caught up with
that of wild type, and they became comparable at 4 weeks of age
(supplemental Fig. 3, A and B). KLF5 did not affect bone remod-
eling after birth either, since bone density of KLF5"'~ long
bones was normal (supplemental Fig. 3, C and D).

%
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FIGURE 2. Skeletal phenotypes
A, skeletal staining with Alizarin n.-dand Alcian blue; B, HE staining of the tibial

of KLF5*'~ mice in the perinatal period.

limbs of wild-type (+/+) and KLFS" "~ embryos (E16.5). Scale bars, | mm and
200 um, respectively. C, HE, COL2, and COL10 immunaostainings and TUNEL
and TRAP stainings of the tibial limbs of wild-type and KLF5°’~ embryos
(E16.5). Inset boxes in the left COL2 panels indicate the regions of the respec-
tive right COL2 panels. Blue, red, and green bars indicate proliferative (P) and
hypertrophic (H) layers and bone area (B), respectively. Scale bars, 50 um.
D, HE, Safranin-O, and von Kossa stainings of the growth plates in proximal
tibias of wild-type and KLF5 "'~ neonates (1 day). Scale bars, 50 um. E, relative
lengths of hypertrophic layer (left) and calcified layer (right) in KLF5~'
growth plate compared with those in wild type (1 day), Data are expressed as
means {bars) = 5.E. (error bars) for 4 mice/group. *, p < 0.05; **, p < 0.01 versus
wild type.

MMP9 as a Transcriptional Target of KLF5 in Chondrocytes—
To know the molecular mechanism whereby KLF5 contributes
to cartilage degradation, we searched for the transcriptional
targets by comparing mRNA levels in human chondrogenic cell
line OUMS27 adenovirally transfected with KLF5 and the
empty vector using microarray and real time RT-PCR analyses
(Table 1). Among molecules related to matrix degradation,
MMP9 expression was most strongly up-regulated by the KLF5
overexpression.

MMP9 mRNA level was confirmed to be increased in a dose-
dependent manner of adenoviral KLF5 overexpression in
OUMS27 cells (Fig. 34). In addition, gelatin zymography
revealed an increase of gelatin degradation by KLF5, which was
compatible with MMP9 activity but not with MMP2 activity,
indicating that KLF5 exhibited proteinase activity via the

o
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TABLE1

Changes in expression of genes related to matrix degradation by
KLF5 overexpression

mRNA levels in OUMS27 cells with adenoviral introduction of KLF5 and the con
trol empty vector were compared by RT2 profiler PCR array (APHS-016; Super
Array Bioscience). For MMP19 and -20 and ADAMTS4, -5, -9, and -15. real time
RT-PCR was performed using primer sets shown in the supplemental materials
WD, not detected.

Gene symbol GenBank"™ accession number Increase
okt
MMPI NM_00242) 31
MMP2 NM_004530 Lé
MMP3 NM_002422 ~E£3
MME7 NM_002423 ~14
MMPs NM_002424 21
MMPa NM_00499%4 21439
MMPIO NM_002425 -1
MMPLI NM_005940 ~18
MMPI2 NM_002426 4
MMPI3 NM_002427 -2.1
MMPI4 NM_004995 16
MMPIS NM_002428 39
MMPI6 NM_005941 -1.6
MMP19 NM_002429 1.6
MMP20 NM_004771 ND
ADAMTSI NM_006988 -25
ADAMTS4 NM_005099 40.0
ADAMTSS NM_007038 -1.4
ADAMTSE NM_007037 8.4
ADAMTSY NM_152920 1.1
ADAMTSIZ NM_135028 1.6
ADAMTSIS NM_139055 31
TIMPL NM_003254 jo
TIMP2 NM_003255 is
TIMP3 NM_000362 7.7
os Osteopontin ~ MMP13 VEGFA
Aggsl e & iy *
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FIGURE 3. Induction of MMP9 by KLF5 overexpression. A, MMP9 and
KLF5 mRNA levels determined by real time RT-PCR analysis after a 3-day
culture of human chondrogenic OUMS27 cells adenovirally transfected
with empty vector (EV) or KLFS (KL) at 40 or 100 multiplicities of infection
[graphs). Gelatinase activity was determined by gelatin zymography. The
right lane (M) shows markers using recombinant proteins of pro-MMP9,
pro-MMP2, and MMP2. KLF5 and actin protein levels were determined by
Western blotting. B, osteopontin, MMP13, and VEGFA mRNA levels were
determined by real time RT-PCR analysis in a 3-day culture of OUMS27
cells adenovirally transfected with 100 multiplicities of infection of EV or
KLF5. €, MMP9 promoter activity determined by luciferase assay in
OUMS27, ATDCS, and Huh7 cells co-transfected with a reporter construct
containing the 1,250-bp MMP9 5'-end-flanking region and plasmid vector
of EV or KLF5. Data are expressed as relative values compared with EV.
D, TRAP staining of the osteoclast precursor M-BMMd» that were retrovirally
transfected with EV or KLF5 and culiured with M-CSF and RANKL for 4 -5 days.
Scale bars, 100 pm. The graph shows the number of TRAP-positive multinu-
cleated osteoclasts. £, mRNA levels of KLF5 and MMP9 determined by real
time RT-PCR analysis in the M-BMM® cultures. Data are expressed as means
(bars) = SE. (error bars). *, p < 0.05;**, p < 0,01 versus EV,
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A Kkirs MMPS B Cell proliferation Cs MMPS stage when the suppression of carti-
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$3 apeo=nt : o (Fig. 2 and supplemental Fig. 2),
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gEam - T Kurs b Since MMP9 is known to be

ag So A aes 4 84 ot strongly expressed in osteoclastic

cells (26) and to play an important

D role in skeletal remodeling (3), we

next investigated the effects of KLF5

on the culture of osteoclast precur-

4+ sor M-BMM¢ by retroviral overex-

pression of KLF5. Neither the oste-

oclastogenesis nor the MMP9

mRNA level was affected by the

overexpression (Fig. 3, D and E).

+- In  the monocyte-macrophagic

Raw264.7 cell culture as well, the

adenoviral overexpression of KLF5

did not affect endogenous MMP9

FIGURE 4. Suppression of MMP9 by KLF5 lnlufﬁclmty A, KLF5, MMP9, osleopumln MMP13, and VEGFA
mANA levels determined by real time RT- PCR analysis in a 3-day culture of primary costal chandrocytes
isolated from wild-type (+/+) and KLF5*'" lit . Data are exp d as means (bars) = S.E. (error
bars) for 4 mice/group. *, p < 0.05 versus wild type. 8. time course of the number of the primary costal
chondrocytes above durmg 5 days of culture. Data are expressed as means (symbols) = S.E. (error bars) of
the ratios of day 0 for 3 wells/group. C, MMP9 and KLF5 mRNA levels determined by real time RT-PCR
analysis after a 3-day culture of OUMS27 cells transfected with siSEAP (secreted form of the human
placental alkaline phosphatase; control) or siKLF5 oligonucleatides (graphs). Data are expressed as means
[bars) = S.E. (error bars) for 3 wells/group. *, p < 0.05 versus siSEAP. MMP9, KLF5, and actin protein levels
were determined by Western blotting. D, MMPS, COL2, DIPEN, and CD34 immunostainings and von Kossa
staining of the tibial limbs of E15.5 wild-typeand KLF5™' ~ embryos. Blue and red bars indicate proliferative
(P) and hypertrophic (H) layers, respectively. Scale bars, 50 pm. E, the percentage width of the calcified

mRNA level (supplemental Fig, 44),
whereas it increased the activity of
the exogenously transfected lucifer-
ase reporter construct containing
the MMP9 promoter above (supple-
mental Fig. 48). These findings indi-
cate that KLF5 does not have an
important physiological function in
osteoclastic cells.

layer to the entire hypertrophic layer determined by the von Kossa staining (I’onl and the number of blood

To further examine the effect of

vessels around the hyperntrophic layer determined by the CD34 |

plates of E15.5 wild-type and KLF5 "~ embryos. Data are expressed as means lbfm)

3 mice/group. *, p < 0.05 versus wild type.

induction of MMP9. Contrarily, osteopontin mRNA level was
not altered by the overexpression, suggesting that chondrocyte
differentiation at later stages was not affected by KLF5 (Fig. 3B).
MMP13 was moderately decreased, whereas vascular endothe-
lial growth factor A (VEGFA) was little regulated by KLF5 in
OUMS27 cells, both of which were consistent with the results
of microarray analyses (Table 1 and supplemental Tables | and
2). To examine the transcriptional regulation, a luciferase
reporter gene construct of the MMP9 5"-end-flanking region
was transfected into OUMS27, ATDCS, and human hepato-
cytic Huh7 cells. The transcriptional activity determined by the
luciferase reporter assay was enhanced by co-transfection with
KLF5inall cells, demonstrating the transcriptional induction of
MMP9 by KLF5 (Fig. 3C).

The expression patterns of KLF5 and MMP-9 during chon-
drocyte differentiation were confirmed to be similar in cultured
OUMS-27 cells (supplemental Fig. 14). In addition, the time
course analyses by immunostainings of embryonic limbs
showed that KLF5 expression was seen early from E13.5,
whereas MMP9 expression could be detected at E15.5 and
enhanced at E16.5 (supplemental Fig. 1B). Since the embryonic
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loss of function of KLF5 in chon-
drocytes, we cultured primary cos-
tal chondrocytes derived from
KLF5"'" mice and confirmed that the KLF5 mRNA level was
decreased to about half that of wild-type chondrocytes (Fig.
4A). Among the molecules related to terminal differentiation of
chondrocytes, cartilage degradation, and remodeling, only
MMPS9, and not osteopontin, MMP13, or VEGFA, was signifi-
cantly suppressed by the KLF5 haploinsufficiency. Proliferative
ability was comparable between cultured chondrocytes from
KLF5"'" and the wild-type littermates (Fig. 4B). Genessilencing
of KLF5 by RNA interference also caused the reduction of
MMP9 mRNA expression in OUMS27 cells (Fig. 4C).

Finally, an immunchistochemical staining confirmed that
MMP9 expression seen in the cartilage layer and the perichon-
drium of wild-type limb was scarcely detected in KLF5"' "~ (Fig.
4D). In the cartilage layer, the decreased MM P9 expression was
correlated with the suppression of COL2 degradation and
chondrocyte calcification, determined by immunohistochemi-
cal and von Kossa stainings, respectively. In the perichondrium,
the MMP decrease was correlated with the suppression of
DIPEN, which is a neoepitope at the aggrecan cleavage site gen-
erated by MM Ps, and with that of CD34, which is an endothelial
antigen representing blood vessels, determined by respective

s
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immunostainings. Quantitative analyses actually revealed sig-
nificant decreases in the width of the von Kossa-positive calci-
fied layer and the number of CD34-positive blood vessels in the
KLF5''" limb (Fig. 4E).

DISCUSSION

The present in vivo analyses revealed that KLF5 haploinsuf-
ficiency caused impairment of cartilage matrix degradation and
the subsequent remodeling to bone tissue, without affecting
chondrocyte proliferation or differentiation. Microarray and
cell culture analyses demonstrated that KLF5 contributes to the
cartilage degradation through transcriptional induction of
MMPY9. MMP9 is known to be a potent proteinase that
degrades denatured collagens and activates other MMPs and
cytokines (4, 8, 27). In fact, the homozygous deficient mice
(MMP9 " mice) are reported to exhibit skeletal abnormality
similar to KLF5"'~ mice: elongation of hypertrophic layer,
impaired vascularization, and delayed formation of bone and
bone marrow cavity in the limbs (3), indicating a role of the
KLF5-MMP9 axis during skeletal development.

It is, however, of note that the defect of KLF5 is physiologi-
cally more critical than that of MMP9, since KLF5 '~ mice die
in utero before E8.5, whereas MMP9 '~ mice grow normally
after birth, and MMP9"'"" mice show no abnormality from
embryos (3). This might be because KLF5 regulates molecules
other than MMP9, since the present microarray analyses
revealed up-regulation of several molecules like a-E-catenin
(CTNNAI1), ADAMTS4 (a disintegrin and metalloproteinase
with thrombospondin-like repeat 4), interleukin-1, and
MMP14 by the KLF5 overexpression in chondrogenic cells
(Table 1 and supplemental Tables 1 and 2). a-E-catenin, a pro-
totypic member of the a-catenin family and a component of the
cadherin-catenin complex (28), is known to be required to sus-
tain adhesion between cells during mammalian morphogenetic
events (29). Although it is mainly expressed in epithelial tissues
and the loss-of-function mutation causes human squamous cell
carcinoma of the skin (30), the involvement in matrix de-
gradation or angiogenesis remains unknown. Meanwhile,
ADAMTS4 is a principal proteinase for aggrecan (31), a major
cartilage matrix component that is degraded before collag-
enases cleave collagens in the hypertrophic layer (32). Hence,
KLF5 might possibly lead to aggrecan degradation through
induction of ADAMT 54, which is followed by matrix degrada-
tion by MMP9 (5). Interleukin-1, a representative proinflam-
matory cytokine, is also known to be a potent stimulator of
MMPs, ADAMTSs, and other catabolic cytokines (32), so that
interleukin-1 and MMP9 induced by KLF5 might initiate the
subsequent catabolic changes of the cartilage. MMP14,
although the induction by KLF5 was not strong (Table 1), isalso
a key proteinase in growth plate resorption, since the MMP-14-
deficient mice exhibited dwarfism due to impaired endochon-
dral ossification and angiogenesis, similarly to the KLF5 "'
mice (33, 34). KLF5 may therefore be a crucial transcription
factor that controls the molecular network for cartilage matrix
degradation during endochondral ossification.

Another difference in the effects of insufficiency of KLF5 and
MMP9 is their function in osteoclasts or chondroclasts.
MMP9 ' mice showed abnormal bone remodeling after birth
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with impaired osteoclast recruitment, whereas KLF5"'~ mice
showed normal bone remodeling. Expression of MMP9 by oste-
oclastic cells may physiologically be important for skeletal
development, since transplantation of wild-type bone marrow
cells, including osteoclast progenitors, rescues the skeletal phe-
notype (3). In fact, MMP9 is abundantly expressed (26),
whereas KLF5 was barely detected in osteoclastic cells (Fig. 1).
The finding that the KLF5 overexpression in osteoclast precur-
sors failed to alter endogenous MMP9 expression and oste-
oclastic differentiation (Fig. 3, D and E, and supplemental Fig. 4)
supports the importance of MMP9 expression in osteoclastic
cells, The present study, however, demonstrated that other
than in osteoclasts, MMP9 was expressed in chondrocytes and
perichondrium during skeletal development and was dramati-
cally decreased by the KLF5 haploinsufficiency (Fig. 4D). This
decrease was correlated with the suppression of COL2 degra-
dation and an aggrecan cleavage neoepitope DIPEN. In addi-
tion, the induced MMP9 in chondracytes by the KLF5 overex-
pression exerted a potent enzyme activity by gelatin
zymography (Fig. 34), as previously reported (35). These indi-
cate a significant role of cell-autonomous action of MMP9 in
chondrocytes in the process of cartilage degradation.

For endochondral ossification of hypertrophic chondrocytes,
chondrocyte apoptosis, cartilage matrix degradation, and vas-
cularization are tightly coupled (2, 5); however, which of these
steps is rate-limiting remains unclear. A recent study on knock-
out mice of an antiapoptotic protein, galectin 3, has shown that
acceleration of chondrocyte apoptusis was not associated with
endochondral ossification (36), suggesting that chondrocyte
apoptosis might be dispensable for the process. Several reports
have indicated the matrix degradation and vascularization as
the crucial steps (3, 5, 37-39), and, in fact, the present in vivo
analyses showed that suppressions of MMP9 expression and
cartilage matrix degradation by KLF5 insufficiency led to
impairment of skeletal development accompanied by
decreased vascularization (Fig. 4D). In vitro cultures, however,
showed that a principal angiogenic factor, VEGFA (37-40), was
little influenced by gain or loss of function of KLF5 in chondro-
cytes (Figs. 3B and 4A4); nor were other angiogenic factors,
VEGFC, VEGFD (41), HGF (42), FGF1, or FGF2 (43, 44), in the
microarray analyses (supplemental Table 2). Hence, KLF5 is
likely to regulate vascularization indirectly as a secondary effect
of MMP9 secretion and matrix degradation in the cartilage
layer and perichondrium, although the details need to be fur-
ther investigated. In fact, cartilage explants from MMP9 '
mice in culture are reported to show a delayed angiogenesis (3).
A previous report on MMP13 '~ and MMP9 '~ mice also
showed that the cartilage matrix degradation was decreased in
parallel with the pace that vasculature recruitment maintains
with the slower rate of endochondral ossification (5). This evi-
dence suggests that the matrix degradation may create a per-
missive environment for blood vessels to invade or make angio-
genic factors accessible, leading to a hypothesis that cartilage
degradation is a rate-limiting step for endochondral ossifica-
tion of hypertrophic chondrocytes.

The skeletal abnormality of KLF5+/— mice was limited to
the perinatal period and disappeared as the animals grew up
after birth under physiological conditions. This may be due
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