observed in the present study were M2c microglia. How-
ever, the subtypes of M2 cells have not been referred to
in studies on SCI. The present study also did not investi-
gate the properties of the M2 cells; further studies will be
required to clarify the properties of the M2 subtypes that
are activated following SCI. In addition, it should be
mentioned that we cannot conclude that IL-10 is the pri-
mary M2-polarizing signal induced following LPS pre-
conditioning. A more extensive array analysis would be
required to determine the hierarchy of M2 regulation.

TLR4, a receptor of LPS, binds to two main adapter
proteins, MyD88 and TRIF, which independently activate
the MyD88-NFkB pathway and TRIF-IRF pathway,
respectively (Yamamoto et al., 2003). IRF-3 is activated via
LPS-TLR4 signals through the TRIF-IRF pathway
(Honda and Taniguchi, 2006). In vitro studies have shown
that IRF-3-deficient macrophages fail to induce ET (Bis-
was et al., 2007). In stroke models, LPS preconditioning
induces IRF-3 activation via the redirection of TLR4 sig-
naling (Stevens et al., 2011; Vartanian et al., 2011). The
present study confirmed that [IRF-3 activation was induced
within 12 hr of SCI as a result of LPS preconditioning,
which is in line with the results from the stroke model.
Additionally, we found that increased IRF-3 activity as a
result of the LPS preconditioning was concurrent with
increased IL-10 gene expression. These results are in line
with findings reported by Samanta et al. (2008) and Biswas
and Lopez-Collazo (2009) that IL-10 expression is directly
and indirectly regulated by IRF-3. Overall, given these
results, we speculate that the M2 redirection that occurred
as a result of the LPS preconditioning was induced via
LPS—-TLR4 signals through the TRIF-IRF pathway and
led to increased IL-10 expression.

Treatment with IL-10 has been widely studied in
SCI models and shown to exert a therapeutic effect
through systemic administration of the protein, in combi-
nation with cell grafts, or through local gene delivery
(Brewer et al., 1999; Thompson et al., 2013). However,
complications with IL-10 therapy, such as infection at the
surgical site resulting from continuous administration of
IL-10 or polyneuropathy, are unavoidable (van der Poll
et al.,, 1996; Dace et al., 2009). LPS preconditioning
would be a convenient method for inducing M2 activa-
tion through enhanced IL-10 expression with a single
LPS injection. However, it is not accurate to compare IL-
10 therapy and LPS preconditioning because molecules
other than IL-10 might additionally contribute to the
effect of LPS preconditioning.

In clinical situations, it might be difficult to apply
LPS preconditioning directly to SCI because injuries
occur before patients arrive at the hospital. However, it is
feasible to apply LPS preconditioning prophylactically
before events such as delicate spine surgery that pose a
high risk with respect to SCI. Postconditioning is a prom-
ising approach that could be applied to clinical SCI,
although few studies in ischemic models have been
reported (Mockford et al, 2009). Further studies are
required before LPS preconditioning can be applied in
clinical settings.
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In conclusion, we found that LPS preconditioning
has a therapeutic effect on CNS microglia following SCI
through the modulation of M1/M2 polarization. The
present study provides new insights into the effects of
endotoxin preconditioning on the CNS immune system.
Further studies are required before practical application of
LPS treatment in clinical settings; however, this study
suggests that modulation of the CNS immune system
through endotoxin preconditioning could be widely
applicable for many CNS diseases in which inflammation
occurs.
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Abstract

Objectives. This study aimed to evaluate the clinical safety and wear-resistance of the novel highly
cross-linked polyethylene (HXLPE) acetabular liner with surface grafting of poly(2-methacryloy-
loxyethyl phosphorylcholine) (PMPC) at 3 years after total hip replacement (THR).

Methods. Eighty consecutive patients underwent cementless THR using a 26-mm diameter
cobalt-chromium-molybdenum alloy femoral head and a PMPC-grafted HXLPE liner for the
bearing couplings. We evaluated the clinical and radiographic outcomes of 76 patients at 3 years
after the index surgery.

Results. The clinical results at 3 years were equivalent to a Harris hip score of 95.6 points.
No adverse events were associated with the implanted PMPC-grafted HXLPE liner, and
no periprosthetic osteolysis was detected. The mean femoral head penetration rate was
0.002 mm/year, representing marked reduction compared with other HXLPE liners.
Conclusions. A PMPC-grafted HXLPE liner is a safe option in THR and probably reduces the
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generation of wear particles.

Introduction

Total hip replacement (THR) is an established treatment modal-
ity for patients with end-stage hip disorders such as osteoarthritis
and rheumatoid arthritis. However, periprosthetic osteolysis has
been recognized as a notable complication affecting the long-term
survival of THR; extensive research has shown that wear particles
from the polyethylene (PE) liners are responsible for osteolysis [1].
Hence, many approaches have been adopted for reducing the gen-
eration of wear particles thereby improving the survival of THR.
Recent observations of the healthy mammalian articular car-
tilage surface have disclosed that it is covered with a nanometer-
scaled phospholipid layer that protects the articulating surface from
mechanical wear and facilitates a smooth motion of joints during
daily activities [2,3]. Hence, grafting a polymer with a phospholip-
id-like layer on the liner surface may mimic the surface conditions
of healthy articular cartilage. Based on this hypothesis, we have
successfully produced a biocompatible and highly hydrophilic
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7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan. Tel: + 81-3-5800-
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surface via nanometer-scaled grafting of poly(2-methacryloy-
loxyethyl phosphorylcholine) (PMPC) onto highly cross-linked
polyethylene (HXLPE) [4]. Our hip simulator studies revealed that
such grafting remarkably reduced the wear of an HXLPE liner up
to 20 X 10° cycles [5—7]. We reported that PMPC-grafted surfaces
captured water molecules and reduced the friction between the
bearing surfaces via the hydration lubrication mechanism [8]. In
addition, we reported that the PMPC-grafted particles were biologi-
cally inert and did not cause subsequent bone-resorptive responses
[4], indicating that this technology prevents wear particle produc-
tion and biological reactions to such particles in THR. Since then,
PMPC-grafted HXLPE liners have been used in hip replacement
surgery to address the concerns of wear and osteolysis.

From the perspective of material engineering, the PMPC-
grafted HXLPE liner is a new medical implant prepared from MPC
polymer, which has been used on the surface of artificial lungs [9],
intravascular stents [10], soft contact lenses [11], and the artificial
hearts {12]. Such implants were introduced into clinical practice
from 1997, and since then, no adverse reactions to MPC polymer
have been reported. The major difference between other devices
and the PMPC-grafted HXLPE liner is the method used for its
MPC polymer coating, the photo-induced graft polymerization,
which is considered appropriate for withstanding weight [4].
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The purpose of this follow-up for a prospective cohort study,
in which 80 primary cementless THRs were performed using a
PMPC-grafted HXLPE liner [13], was to report the clinical and
radiographic outcomes, including femoral head penetration, at 3
years after the index surgery. The outline of this study was dis-
closed as UMINOOOOO3681.

Methods

Between April 2007 and September 2008, 80 consecutive patients
who underwent THR for a Charnley Class A or Class B painful,
non-infectious hip disorder were recruited from five participating
hospitals [14]. The institutional review board of each participat-
ing hospital granted ethical approval, and informed consent was
obtained from all participants before the stady commenced.

All patients received the K-MAX cementless THR (KYOCERA
Medical Corporation, Osaka, Japan) consisting of a collarless
femoral stem (K-MAX HS-6) and a low-profile porous-coated
acetabular component with four peripheral fins (K-MAX Q5LP).
For the bearing coupling, a 26-mm-diameter cobalt—chromium~—
molybdenum (Co-Cr—Mo) alloy femoral head and a PMPC-grafted
HXLPE liner were employed. PMPC grafting of the surfaces of the
HXLPE liner was performed using a photoinduced polymerization
technique as previously reported [4].

The surgeries were performed by 10 surgeons of 5 institutions,
who used the posterior approach. Patients underwent the routine
thromboprophylaxis regimen and postoperative rehabilitation pro-
gram of each institution.

All patients were prospectively followed for 3 years after the
index surgery. During the course of the study, all adverse events
suspected to correlate with the implanted PMPC-grafted HXLPE
liner were recorded. Orthopedic surgeons other than the operators
evaluated clinical performance using the evaluation chart of hip
joint function authorized by the Japanese Orthopaedic Associa-
tion (JOA score) [15]. The JOA score consists of four categories:
pain (40 points), range of motion (20 points), gait (20 points), and
activities of daily living (20 points). Fujisawa et al. reported that
there was an excellent correlation between the JOA and Harris hip
scores (coefficient of correlation = 0.843) [16]. Therefore, we cal-
culated the equivalent Harris hip score using the following regres-
sion formula: Harris hip score = JOA score X 0.979 +4.363.

Anteroposterior pelvic radiographs were obtained with the
patient in supine, immediately after surgery and at 3 weeks, 3
months, 6 months, 1 year, and 3 years postoperatively. The dis-
tance between the X-ray tube and the imaging plate was set to 100
cm, and the center of the X-ray beam was directed at the cranial
end of the pubic symphysis. The digitized image data were stored
at a resolution of 0.13-0.20 mm/pixel.

We compared the radiographs obtained at 3 weeks with those
obtained at up to 3 years for detecting periprosthetic osteolysis and
assessing implant stability. Periprosthetic osteolysis was defined
as new cystic lucency localized on the endosteal surface of the
bone [17]. Migration of the femoral component was defined as a
change of 3 mm or above in the position of the implant [18]. To
assess the stability of the acetabular component, we modified the
method described by Engh et al. [19]. The acetabular component
was defined as stable, suboptimally stable (migrated =2 mm or
tilted = 5°), or unstable (migrated >2 mm or tilted > 5°).

In addition, three independent reviewers measured the position
of the femoral head on digitized radiographic images obtained at
3 weeks, 6 months, 1 year, and 3 years after implantation, with-
out any clinical information. They employed a 2D computerized
method—the PolyWare technique (Draftware Inc., Vevay, IN) [20].
Each reviewer measured the position of the femoral head thrice on
a radiograph and recorded the median as the measured value. The
authors calculated the average value of the three measured values
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recorded by the three reviewers and stored it in a database as the
observed data. Then, they calculated the change in the femoral head
position in each patient as the amount of femoral head penetration
using the position at 3 weeks as the original position.

Several authors have reported a biphasic pattern in the progres-
sion of femoral head penetration into an HXLPE liner [19,21-25].
In the first phase, the femoral head rapidly moves into the liner;
this phenomenon is called “bedding-in" and is largely attributed
to permanent plastic deformation of the material and setting of the
liner in the metal shell [22]. In the second phase, the femoral head
slowly moves into the liner; this phenomenon is largely attributed
to true wear—material loss in the form of particles—and is consid-
ered the “steady-state wear rate”. We used these terms to describe
the measurement results.

Statistical methods

The paired t-test was used to compare the JOA scores recorded
before surgery and at 3 years after surgery. Pearson’s correlation
coefficient or the Mann—Whitney U test was employed to test the
correlations between the measurement of femoral head penetration
and patient characteristics, such as body mass index (BMI).

Results

Of the original 80 patients, 1 died of a cause unrelated to the joint
replacement and 3 were lost or refused to return for follow-up at 3
years postoperatively. Thus, the study group comprised 76 patients
(Table 1).

No adverse events suspected to correlate with the implanted
PMPC-grafted HXLPE liner were recorded, and no revision

Table 1. Preoperative demographic data.

Items Patients (%)
All patients 76
Sex
Male 14 (18.4)
Female 62 (81.6)
Age (years)
40-49 5 (6.6)
50-59 30 (39.5)
60-69 22 (28.9)
70-75 19 (25.0)
Diagnosis
Osteoarthritis 73 (96.1)
Osteonecrosis 3(3.9)
Charnley Category
A 40 (52.6)
B 36 (47.4)
Side
Right 42 (55.3)
Left 34 (44.7)
Body Height (cm)
>140to =150 17 (22.4)
>150 to=160 40 (52.6)
>160to =170 18 23.7)
>170to= 180 1(1.3)
Mean = SD 155.5+6.5
Body Weight (kg)
>30 to=40 4(53)
>40to =50 17 22.4)
>50 to=60 41 (53.9)
>60 to =70 13 (17.1)
>70t0=80 1(1.3)
Mean £ SD 544+74
Body Mass Index
>15t0=20 11 (14.5)
>20t0=25 49 (64.5)
>25to=30 16 (21.1)
Mean * SD 22.5%2.5
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Figure 1. Average Japanese Orthopaedic Association hip score before
surgery and at 1 and 3 years after surgery. The change was most apparent
in the pain category.

operations were performed during the follow-up period. Three
patients had deep vein thrombosis, which was treated successfully
with anticoagulants in each case. Two patients had dislocation,
which was treated nonoperatively and no deep infection occurred.

The mean JOA score improved at 3 years postoperatively
(»<0.01; Figure 1). According to Fujisawa’s regression formula
[16], the mean JOA score immediately after THR and at 3 years
after THR corresponded with Harris hip scores of 46.7 and 95.6,
respectively. Therefore, the clinical outcomes of the present cohort
were similar to those of other contemporary cementless THRs
[22,24].

On radiographic analysis, neither periprosthetic osteolysis
nor femoral component migration was detected in all 76 patients
(Figure 2). Seventy-four patients had a stable acetabular compo-
nent and two had a suboptimally stable component. In the two
patients with a suboptimally stable acetabular component, the
component had changed its position up to 6 months after the
index surgery and was stable afterwards. Similar observations
have been reported in other cementless acetabular components
and are not compatible with the predictive radiographic findings
for the early diagnosis of loosening [19,26]. We attributed this
limited migration to insufficient initial seating of the component.

Penetration during the first year was regarded as bedding-in and
that after 1 year as steady-state wear [21,25]. Among all patients,
38 (50%) had negative wear between 1 and 3 years. The mean
femoral head penetration rate between 1 and 3 years was 0.002
mm/year (Figure 3), representing marked reduction compared with
the mean wear rate of other HXLPE liners [19,21-25]. The mean
femoral head penetration rate correlated weakly with patient age
(R=0.331), but it did not correlate with sex, preoperative diagno-
sis, body weight, or BMI.

In the present cohort, the mean penetration at 1 year was 0.210
mm, and was slightly greater in male patients than that in female

3 Years

3 Weeks

1 Year

Figure 2. Radiographs of a representative case (Case 66). Radiographs
obtained 3 weeks, 1 year, and 3 years after surgery, showing no findings
related to implant migration or periprosthetic osteolysis.
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Figure 3. Femoral head penetration at 6 months, 1 year, and 3 years after
surgery. The amount of femoral head penetration is calculated using the
position at 3 weeks as the original position. Penetration during the first
year is larger than that in the subsequent 2 years. Standard deviation bars
are displayed.

patients (p =0.021). Although men were heavier than women
(p=0.014), the mean penetration did not correlate with body
weight. We also found no correlation between mean penetration
at 1 year and patient age, preoperative diagnosis, and BMI. Mean
penetration at 3 years correlated weakly with BMI (Figure 4),
but it did not correlate with sex, age, preoperative diagnosis, or
body weight.

We compared the data of the 2 patients with a suboptimally
stable acetabular component with those of the 74 patients with
a stable component (Table 2). In one patient (Case 33), a large
amount of penetration was observed at 6 months, and the value
decreased up to 3 years after surgery. In the other patient (Case
36), the amount of penetration was relatively small at 1 year and
relatively large at 3 years. As a result, this patient showed a high
wear rate between 1 and 3 years. The cause of these unusual obser-
vations is unclear and continued follow-up is required to determine
their relevance to the clinical outcome.

Discussion

To support the continued use of a new implant, updated clini-
cal data should be available on the safety and efficacy. PMPC-
grafted HXLPE liners were introduced to address concerns of
wear and osteolysis in hip replacement. Regarding the safety of
these implants, this study demonstrated that THR using this liner
provided good clinical results, and no adverse events associated
with the liner occurred during the 3 years after implantation.
Therefore, this liner should be considered as a safe option in hip
replacement.
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Figure 4. Relationship between amount of femoral head penetration at 3
years after surgery and body mass index. y = 0.0065x + 0.077; R = 0.215.
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Table 2. Summary of the results of measurement of the penetration of the
femoral heads.

Suboptimally
All hips Stable stable (2 hips)
(76 hips)* (74 hips)* Case 33 Case 36
6 months (mm) 0.210+0.050 0.196 £0.050 1.050 0.170
1 year (mm) 0.223 +£0.100 0.214 =0.069 0.863 0.137
3 years (mm) 0.226 £0.090 0.218 =0.065 0.765 0.302
Wear rate (mm/year) 0.0020.043 0.002+0.041 —0.049 0.083

0.043

0.0239 (—0.008-0.0558)

Steady-state penetration
rate (mm/y)*
0.03 =0.06

0.01=0.07
0.025 (0.009-0.042)

0.026 (0.004-0.047)

0.060 £ 0.042
0.032£0.019
0.031£0.014

*Values are expressed as mean and standard deviation.

(mm)*
0.22+031
0.223+0.100  0.002

NA
0.123

Regarding the efficacy of PMPC-grafting in reducing wear,
the mean amount of bedding-in was 0.210 mm and the steady-
state wear rate was 0.002 mm/year in the present study. We
found no osteolysis on serial radiographs. For comparison,
the results of six other prospective studies are summarized in
Table 3 [19,21-25]. In these studies, a 26- or 28-mm-diameter
Co-Cr—Mo alloy femoral head and HXLPE liner secured in a
cementless shell were used for the bearing coupling, and the
patients were followed for at least 3 years. Among these stud-
ies, three reported detailed data on bedding-in: it occurred from
6 months to 1 year after surgery, and the mean amount of
penetration ranged from 0.123 to 0.260 mm. Thus, in the
first year, the behavior of the PMPC-grafted HXLPE liner is
quite similar to that of other liners. Because PMPC grafting is
nanometer-scaled surface modification, this technique does not
affect the physical or mechanical properties of the HXLPE sub-
strate [27]. Hence, we attributed the differences in the amount
of penetration to the characteristics of the HXLPE liners. They
can vary in terms of resin type, radiation technique used for
cross-linking, post-irradiation stabilization process, and ster-
ilization modality, any of which can influence the mechanical
properties, crystallinity, and pre-aging and post-aging oxida-
tion levels of the components [28]. For instance, Medel et al.
reported that annealing preserves the mechanical properties
better than remelting with regard to both fatigue and fracture
resistance [29]. Meanwhile, all six studies reported steady-
state penetration rates: they varied from 0.01 to 0.06 mm/year.
Although PE wear is a multifactorial process [18], the results of
the present study seem to compare favorably with those of the
other six studies in terms of marked reduction. Among patient
characteristics, the body weight of the patients was significantly
lesser in the present study than in the other studies. Therefore,
we believe that PMPC grafting is a promising method for reduc-
ing HXLPE wear, and the results of the present study support
the continued use of these liners. We plan to conduct a longer
follow-up to elucidate the true clinical benefit of PMPC-grafted
HXLPE liners in hip replacement surgery.

This study has several limitations. First, it was not a randomized
controlled trial. A randomized controlled trial comparing HXLPE
liners and PMPC-grafted HXLPE liners would be the best scien-
tific method to evaluate the efficacy of PMPC grafting. However,
most candidates reported that they preferred the new liner and did
not want to join a clinical trial in which their liner was chosen by a
chance mechanism. Therefore, we performed a prospective cohort
study to address this issue.

Second, 76 individuals and a 3-year follow-up may not
be sufficient to deny the possibility of rare adverse reactions
related to these new bearings. Thus, a long-term follow-up study
(UMIN000003681) is underway for an extended investigation.

Third, the radiostereometric analysis (RSA) method, which
has been reported to be the most accurate tool for in vivo assess-
ment of PE wear [30], was not used in this study because of the
need for the placement of marker balls. Many potential candi-
dates believed that these metals provided no benefit. Therefore,

Amount of
Bedding-in
0.26+0.17
NA
NA

NA
NA

Bedding-in
duration
(year)

075 =

0.5

1

NA

NA

NA

NA

Hip Analysis Suite
PolyWare Auto

Hip Analysis Suite
Hip Analysis Suite
Hip Analysis Suite
Hip Analysis Suite

RSA

Measurement

technique
Livermore
PolyWare

7.64 (6.60-8.53)
6.42 (5.0-8.01)
8.6 (7.0-10.3)

5.5 (4.1-7.0)
3

Follow-up
4
3

(year)*
5.7 (5-8)
5.7 (5-8)

BMI
28.6+ 5.5 (19.9-47.3)
NA

NA

29 (18.9-46.4)

29 (18.9-46.4)
293+39

31.1+63

274+45
22.9+3.0(17.3-31.6)

Body weight (kg)
76 84.4+21.3(51.3-149.4)

59 NA
14 NA
33 NA

76 55.1%8.2(37.0-71.9)

26 79 (49-117)
36 78.9x13.8
47 887234
42 79.2%19.6

n

Head
size
(mm)
28
28
28
26
28
28
28
28
26

Longevity®
Poly(MPC)-
grafted

Lachiewicz et al. (2009) [23] Longevity®

Lachiewicz et al. (2009) [23] Longevity®
Longevity®

HXLPE
Marathon®
Marathon®
XLPE®
Crossfire®
ghly cross-linked polyethylene, NA not available
*Values are expressed as the mean, with the range in parentheses.

Table 3. Summary of six prospective studies using a 26- or 28-mm cobalt—chromium-molybdenum alloy femoral head with highly cross-linked polyethylene liner.

Glyn-Jones et al. (2008) [21]
Whittaker et al. (2010) [24]
Whittaker et al. (2010) [24]
Capello et al. (2011) [25]

Engh et al. (2006) [19]
Present study

Calvert et al. (2009) [22]

Authors
=4 *Values are expressed as the mean and standard deviation, or 95% confidence limit in parentheses.

“ & tValues are expressed as the mean and standard deviation.

- = HXTPE hi

5
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we employed the PolyWare technique instead. As reported by
Stilling et al., mean PE wear measured with PolyWare tends to
be greater than that measured using the RSA method [31]. Con-
sequently, the present study possibly overestimated the amount
of penetration.

Fourth, among all patients, 38 (50%) had negative wear between
1 and 3 years. Such results are common in short-term studies of
HXLPE liners [19,23,24]. Engh et al. reported a negative wear rate
in 32% of the patients in their study [19]. As Lachiewicz et al.
pointed out, these paradoxical observations should be attributed to
the detection limits of the measurement technique [23].

Fifth, we used 26-mm-diameter Co—Cr-Mo alloy heads on
the femoral side. However, in the clinical setting, various femo-
ral heads of larger sizes and materials are available. Although
we confirmed that improvements due to PMPC grafting sur-
passed those due to changes in the femoral head sizes or materi-
als in the hip joint simulator studies [32], the outcome of THR
using other femoral heads should be evaluated to determine the
clinical utility of PMPC-grafted HXLPE liners. A multicenter
study (UMINO00008730) is currently underway for the evalu-
ation of other femoral heads, including zirconia-toughened
alumina ceramic femoral heads and femoral heads with a larger
diameter [33].

In conclusion, this study demonstrated that use of a PMPC-
grafted HXLPE liner in THR appears to provide good clinical
and radiographic results at 3 years after the index surgery. Further
follow-up is needed to determine whether PMPC-grafted HXLPE
liners improve long-term clinical outcomes.
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Progression of ossification of the posterior longitudinal
ligament of the thoracic spine following posterior
decompression and stabilization

Clinical article
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Object. Despite its potential clinical impact, information regarding progression of thoracic ossification of the

posterior longitudinal ligament (OPLL) is scarce. Posterior decompression with stabilization is currently the primary
surgical treatment for symptomatic thoracic OPLL; however, it remains unclear whether thoracic OPLL increases in
size following spinal stabilization. It is also unknown whether patients’ clinical symptoms worsen as OPLL size in-
creases. In this retrospective case series study, the authors examined the postoperative progression of thoracic OPLL.

Methods. Nine consecutive patients with thoracic OPLL who underwent posterior decompression and fixation
with a minimum follow-up of 3 years were included in this study. Thin-slice CT scans of the thoracic spine obtained
at the time of surgery and the most recent follow-up were analyzed. The level of the most obvious protrusion of
ossification was determined using the sagittal reconstructions, and the ossified area was measured on the axial re-
constructed scan at the level of the most obvious protrusion of ossification using the DICOM (digital imaging and
communications in medicine) software program. Myelopathy severity was assessed according to the Japanese Ortho-
paedic Association (JOA) scale score for lower-limb motor function on admission, at postoperative discharge, and at

the last follow-up visit.

Results. The OPLL area was increased in all patients. The mean area of ossification increased from 83.6 + 25.3
mm? at the time of surgery to 114.8 + 32.4 mm? at the last follow-up visit. No patients exhibited any neurological

deterioration due to OPLL progression.

Conclusions. The present study demonstrated that the size of the thoracic OPLL increased after spinal stabili-
zation. Despite diminished local spinal motion, OPLL progression did not decrease or stop. Physicians should pay
attention to ossification progression in patients with thoracic OPLL.

(http://thejns.org/doilabs/10.3171/2014.7 SPINE]131191)

Key Worps  »

(OPLL) is a condition of the spine characterized

by the ectopic ossification of the spinal ligaments,
potentially resulting in myelopathy due to spinal cord
compression.'’ Although cervical OPLL progression is
well documented in the literature,'”-'%'7.18 information
regarding thoracic OPLL progression is lacking. Cur-
rently, posterior decompression and stabilization using
instrumentation is a widely used first-choice treatment
for symptomatic thoracic OPLL and achieves good short-

OSSIFICATION of the posterior longitudinal ligament

Abbreviations used in this paper: JOA = Japanese Orthopaedic
Association; OPLL = ossification of the posterior longitudinal liga-
ment.
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posterior decompression and fixation
ossification of the posterior longitudinal ligament  »

thoracic spine »
progression

term outcomes.®>122° Anterior decompression is techni-
cally demanding, and the technique is associated with
a high rate of complications.!*!¢ Spinal fixation with in-
strumentation is believed to diminish spinal cord damage
and suppress further ossification by eliminating dynamic
effects and reducing mechanical stress.!”” Although the
long-term progression of OPLL may compromise the sur-
gical benefits, it remains unclear whether thoracic OPLL
continues to grow after spinal stabilization. We hypoth-
esized that spinal stabilization decreases the rate of OPLL
progression by immobilizing the spine. To address this

This article contains some figures that are displayed in color
online but in black-and-white in the print edition.
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issue, we examined thin-slice CT scans of patients with
thoracic OPLL who underwent posterior decompression
and fixation to examine the postoperative progression of
thoracic OPLL.

Methods
Patients

There were 16 patients who underwent surgery for
thoracic OPLL in the study period (from 2004 to 2007).
Nine consecutive patients with thoracic OPLL who un-
derwent posterior decompression and instrumentation-
assisted fixation and had a minimum follow-up period of
3 years were included in this study. Three patients were
excluded because they underwent OPLL extirpation via
an anterior approach. Another 4 patients were excluded
because the follow-up period was shorter than 3 years.
All patients presented with progressive gait disturbance.
We performed posterior decompression and fixation with
a pedicle screw and rod system. The surgical plans were
individualized according to OPLL extension and con-
comitant ossification of the ligamentum flavum. We fixed
the spine 2-3 levels above and below the decompression
levels and harvested local bone for grafting. In this group,
plain radiography did not provide sufficient information
regarding the instrumentation failure or ossification pro-
gression. Therefore, as part of the standard follow-up pro-
tocol, we obtained CT scans of OPLL patients every 2-3
years after surgery. We examined the thin-slice CT im-
ages of the thoracic spine obtained at the time of surgery
and at the most recent follow-up visit. The CT scans were
obtained with a slice thickness of 0.75 mm and a pixel
size of 0.352 x 0.352 mm. The data were transferred via
a DICOM (digital imaging and communications in medi-
cine) network to a computer workstation using the OsiriX
software program (OsiriX Imaging Software).’ Our insti-
tution’s ethics board approved the study protocol.

Clinical Data

The patients’ medical charts were reviewed for age,
sex, type and extension of OPLL, and surgical procedure.

S. Sugita et al.

Myelopathy severity was assessed according to the Japa-
nese Orthopaedic Association (JOA) scale for lower-limb
motor function,® which was administered on admission,
at discharge, and the latest follow-up visit.

Measurement of Ossification

We reconstructed all preoperative CT scans for 3D
multiplanar reconstruction and, using the sagittal recon-
struction, determined the thoracic spine level with the
most obvious level of ossification protrusion. We then
measured the area of ossification on the axial reconstruc-
tion, which was set parallel to the endplate of the cor-
responding vertebra, using the OsiriX software program
(Fig. 1). We also measured ossification area on the latest
follow-up CT scan at the same level. All measurements
were obtained twice for each CT data set by a board-cer-
tified spine surgeon (author S.S.), and the average value of
the 2 measurements was used.

Statistical Analysis

We performed statistical analyses of the data using
the Wilcoxon signed-rank test. Differences were consid-
ered statistically significant if p values were < 0.05. Mean
values are presented = SD.

Results
Demographic Data

The population included 3 males and 6 females,
whose mean age was 56 = 12.2 years (range 38-75 years).
The mean follow-up period was 4.6 = 2.0 years (range
3-9 years). The type of OPLL was continuous in 3 pa-
tients, mixed in 4 patients, and circumscribed in 2 pa-
tients. The level of OPLL, the level of the most obvious
protrusion, and the surgical areas of decompression and
fixation are shown in Table 1.

OPLL Progression

The area of OPLL was found to have increased in
all patients (Table 2 and Fig. 2). The average area of os-
sification was 83.6 +25.3 mm? preoperatively and 114.8 +

Fie. 1. A: The level of the most obvious protrusion of ossification was determined in the sagittal reconstruction (line). B:

Cross-section at the determined level.
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C: The area of ossification, shown in green, was measured using a software function.
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Postoperative progression of thoracic OPLL

TABLE 1: Patient demographics

Extension of OPLL

Surgical Level

Patient Age (yrs), Most Protruded Implant  Rod Diameter Follow-Up
No. Sex Type of OPLL  Preop LastFollow-Up  OPLL Level  Decompression Fixation Density* (mm) (yrs)
1 48, M  mixed C7-T10 C7-T10 T7-8 T1-10 Ti-12 05 5.5 9
2 58,F  continuous T3-6 T3-6 T5-6 T1-10 T1-10 0.55 55 3
3 38,M  circumscribed  T7-11 T7-11 T8-9 T7-11 T5-L2 075 55 4
4 55,F  mixed T4-10 T4-10 T5-6 T2-12 T2-12 0.55 6.5 3
5 64,F  continuous T5-10 T3-U1 T7-8 T5-10 T5-10 0.92 55 7
6 39,M  circumscribed  T7-8 T7-8 T7-8 T5-10 T5-10 0.67 55 5
7 75,F  continuous T3-9 T-T1 T8-9 T5-10 T5-10 0.75 55 3
8 63,F  mixed C4-T7 C4-T8 T3-4 C3-T8 C7-18 0.56 6.5 4
9 70,F  mixed C7-T5 C6-T5 T-2 C3-T6 C7-18 067 55 3

* Implant density = no. implants per fixation segment x 2.

32.4 mm? at the last follow-up visit. All areas of ossifica-
tion increased in both width and thickness. Longitudinal
OPLL progression was also noted in 4 of 9 patients. The
rate of OPLL progression (the most recent size before sur-
gery) was not correlated with the rod diameter or implant
density. Neither screw loosening nor rod breakage was
observed on any of the follow-up postoperative CT scans.

Clinical Course

The mean JOA score for lower-limb motor function
was 1.8 + 0.6 before surgery, 1.7 + 0.6 at discharge, and
1.4 = 0.7 at the most recent follow-up visit (Table 3). No
patients exhibited neurological deterioration due to OPLL
progression. One patient developed a severe gait distur-
bance due to an unrelated cause (worsening of lumbar ca-
nal stenosis), but the other § experienced gait disturbance
improvements.

INustrative Case

A 55-year-old woman presented with a walking dis-
turbance and lower-extremity muscle weakness. She had
mixed-type OPLL, extending from T-4 to T-10. The level

TABLE 2: Area of thoracic OPLL at the level of the most obvious
protrusion

Area of the OPLL (mm?)

Patient No. Preop  AtlastFollow-Up Progression Rate (%)*
1 65.77 141.80 216
2 101.00 114.20 113
3 54.00 7775 144
4 97.30 113.90 17
5 66.54 105.30 158
6 134.70 173.30 129
7 83.14 133.70 161
8 98.17 132.50 135
9 52.47 62.76 120

* The OPLL progression rate was determined by dividing the last fol-
low-up area by the preoperative area.
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of the most obvious protrusion was T5-6, with an OPLL
area of 97.3 mm?. We performed T2-10 laminectomy and
posterior fixation from T-2 to T-12. Three years after sur-
gery, the area of OPLL at T5-6 had increased to 113.9
mm? (Fig. 3).

Discussion

This is the first study to investigate the progression of
thoracic OPLL after spinal stabilization. The use of thin-
slice CT scans allowed us to conduct a detailed analysis
of thoracic OPLL, which is difficult to do with plain ra-
diographs. We found that the postoperative area of ossifi-
cation increased both axially and longitudinally.

It is well recognized that cervical OPLL is progres-
sive during the natural course of the disease and after
decompressive surgery.#%!1%15 Several investigators have
reported that ossification progression aggravates myelop-
athy, whereas others have found no relationship between
neurological function deterioration and ossification pro-
gression.>>” This study is the first to show that ossifica-
tion also progresses in the thoracic spine; however, this
progression did not aggravate patients’ myelopathy in the
present series.

The pathomechanisms underlying the progression of
OPLL remain unclear, but mechanical stress has been im-
plicated as an exacerbating factor.”® Our initial hypothesis
was that spinal stabilization suppresses OPLL progression
by eliminating local motion of the spine. Contrary to our
hypothesis, we found that OPLL continued to progress
after spinal stabilization. A study with a longer follow-up
period may provide additional information regarding the
time course of OPLL progression.

There are several limitations associated with- this
study that deserve mention. First, the number of patients
examined in this study was small. However, our findings
were consistent among the cohort. Similarly, the length of
follow-up was relatively short. Although OPLL progres-
sion did not result in functional deterioration in the pres-
ent study, such progression could manifest in neurological
dysfunction over a longer time span. Finally, we did not
measure local spinal motion. A previous study showed
that dynamic factors, such as the segmental range of mo-
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Fic. 2. Progression of OPLL during the follow-up period. The area of ossification increased in all patients. p = patient.

tion, contribute to the development of myelopathy in the
cervical spine among patients with OPLL.?> However, it
is difficult to precisely measure local thoracic spine mo-
tion with plain radiographs. Notably, we observed neither
screw loosening nor rod breakage on any of the follow-up

Fic. 3. A: The level of the most obvious protrusion of ossification
was determined as previously described (line). B: Preoperative axial

view of ossification at the determined level. C: The same level was
selected on postoperative CT scans.  D: Axial postoperative CT scan
showing enlargement of the area of ossification.
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CT scans, indicating that we successfully stabilized the
patients’ spines. A detailed analysis of spinal motion is
needed in future studies.

Conclusions

The present study demonstrated that thoracic OPLL
does not decrease or stop and affects a larger area over
time, even after spinal stabilization. Although OPLL pro-
gression did not result in functional deterioration in this
study, physicians should pay attention to continued ossifi-
cation in patients with thoracic OPLL.
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ABSTRACT

S100A1 and S100B are induced by the SOX trio transcription factors (SOX9, SOXS5, and SOX6)
in chondrocytes, and inhibit their hypertrophic differentiation in culture. However, functional roles
of S100A1 and S100B during in vivo skeletal development are yet to be determined. Here we
show that mice deficient of both the S700al and S100b genes displayed normal skeletal growth
from embryonic stage to adulthood. Although no compensatory upregulation of other S100 family
members was observed in S100ai1/S100b double mutants, the related S700a2, S100a4, S100al0,
and S100all were expressed at similarly high levels to S7/00al and S7100b in mouse primary
chondrocytes. Furthermore, overexpression of these other S100 members suppressed the hypertro-
phic differentiation of chondrocytes in vitro as efficiently as SI00A1 and S100B. Taken together,
the present study demonstrates that SI00A1 and S100B are dispensable for endochondral ossifica-
tion during skeletal development, most likely because their deficiency may be masked by other

S100 proteins which have similar functions to those of S1I00A1 and S100B.

Endochondral ossification is fundamental process for
skeletal development. In this process, chondrocytes
derived from condensed mesenchymal cells undergo
proliferation and differentiation into hypertrophic
cells. In the terminal stage, the hypertrophic chon-
drocytes mineralize a surrounding matrix to provide
a scaffold for osteoblasts. The sex determining re-
gion Y-type high mobility group box (SOX) family
transcription factors play essential roles for these

Address correspondence to: Taku Saito, M.D., Ph.D.,
Associate Professor

Bone and Cartilage Regenerative Medicine, Faculty of
Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku,
Tokyo 113-8655, Japan

Tel: +81-3-3815-5411 (ext. 37369), Fax: +81-3-3818-4082
E-mail: tasaitou-tky@umin.ac.jp

179

differentiation steps of chondrocytes (1, 2). SOX9 is
indispensable for mesenchymal condensation and
the subsequent early stage of chondrocyte differenti-
ation (9, 15, 21). SOXS5 and SOX6 function as co-
activators of SOX9 in chondrocyte differentiation
(13, 19). In addition to their stimulatory effect for
early stage of chondrocyte differentiation, the SOX
trio (SOX9, SOXS5, and SOX6) exert inhibitory ef-
fects on chondrocyte hypertrophy (1).

S100 proteins form a subgroup of the superfamily
of Ca*"-binding protein with EF-hand motif (3). This
subgroup consists of over 20 family members (3).
S100 family members are low molecular weight
proteins, and differentially expressed in normal and
transformed cells (6). Intracellular S100 proteins
usually function as modulators of their target pro-
teins, and exert various roles such as regulation of
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protein phosphorylation, enzyme activity, Ca*" ho-
meostasis, cytoskeleton components, and transcrip-
tion factors (6). Some S100 proteins can be secreted
and involved with extracellular activities such as reg-
ulation of the nervous system and inflammation (6).
Previously, we have identified S100A1 and S100B
as direct transcriptional targets of the SOX trio (17).
S100A1 and S100B are abundantly expressed in the
prehypertrophic and hypertrophic chondrocyte zones
of mouse embryonic limb cartilage (17). During dif-
ferentiation of the mouse chondrocytic cell line
ATDCS5, S100A1 and S100B exhibit a similar inhib-
itory effect on hypertrophic differentiation, mean-
while they have no obvious effect on chondrogenic
differentiation and cartilage matrix production (17).
However, functions of S100A1 and S100B in vivo
still remain unknown. Furthermore, expression of
whole S100 family members in chondrocytes during
endochondral ossification has not been revealed. In
the present study, we sought to examine the role of
S100A1 and S100B in the regulation of normal
skeletal development using mice in which both
genes had been deleted, and further examined com-
pensatory effects by other S100 family members.

MATERIJALS AND METHODS

Mice. S100al and S100b knockout (KO) mice were
previously generated as described (7, 22). We inter-
crossed mice heterozygous for S100al (S100al+/—)
and mice heterozygous for S100b (S1006+/-) to ob-
tain compound S/00al+/—; SI00b~+/— heterozy-
gotes, which were then mated with each other and
their offspring was used for analyses. Genomic DNA
obtained from embryonic membrane (E12.5), unilat-
eral upper and lower extremity (E16.5), or tail (post-
natal) was used for genotyping PCR using KOD-FX
(TOYOBO) with primers, annealing temperature, and
cycle numbers listed in Table 1.

Histological and radiological analyses. We stained
whole skeletons of E12.5 embryos with Alcian blue
(12). We analyzed skeletons of E16.5 embryos by
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staining with Alizarin red and Alcian blue as de-
scribed previously (11). Photographs of unstained
whole bodies (E16.5) and stained skeletons (E12.5
and E16.5) were taken using digital microscopy
(VH-5500, KEYENCE). We took plain whole body
radiographs of 8-week-old mice using a soft x-ray
apparatus (Softex CMB-2, SOFTEX). We measured
lengths of humerus, ulna, femur, tibia, and lumbar
spine (L1 to L6) on photographs of doube-stained
skeletons (E16.5) or radiographs (8-week-old). Bone
length of 8-week-old mice was then normalized to
sex-matched S700al+/-; S100b+/— littermates to cor-
rect for sex-related difference. Under deep anesthesia,
1-day-old and 8-week-old mice were transcardially
perfused with PBS followed by 4% paraformalde-
hyde phosphate buffer solution (PFA/PBS). Then,
we harvested lower extremities of 1-day-old mice
and humerus of 8-week-old mice, and fixed them
further in 4% PFA/PBS for 2 days. We decalcified
the latter in 10% EDTA at 20°C for one week. They
were then embedded in paraffin, and cut into 10 pm
sections. H&E, Toluidine blue, and von Kossa stain-
ing were performed according to standard protocols.

Construction of expression vectors. We prepared ex-
pression vectors in pShuttle (Clontech) and pcD-
NA3.1(+) (Invitrogen). We verified all cDNA inserts
by DNA sequencing.

Cell cultures. ATDCS cells (Riken BRC) were main-
tained in DMEM/Ham’s F-12 (1 : 1) (Wako) contain-
ing 5% FBS, penicillin (100 U/mL), and streptomycin
(100 ug/mL). ATDC5 cells were plated at 1 x 10°
cells/well on 6-well plates 1 day before transfection.
In each well, 2 pg of each expression vector was
transfected using 3.5 pl. Lipofectamine 2000 (Life
technologies). One day after the transfection, cells
were detached and cultured in pellet for an addition-
al 5-day period.

Real-time RT-PCR. We harvested rib cartilage from
8-week-old mice. To remove attached soft tissue, we
digested the harvested cartilage tissues with 0.3%

Table 1 List of primers used for genotyping

Product Annealing
Gene  Genotype Forward primer Reverse primer . Temperature Cycle
size (bp) ©0)
8§100al WT TCTCCATTCTCCCACTCTCG CTTAGCTTCTGGGCAGTCGT 394 62 35
null GAGAATGGTAACCGAGCCGCCC AGGTGTTGGGAGTGAGCACCC 300 62 33
S1006 WT GGGATGGCACCACCCACAATGG TCTGGTGGCTATTCCCAATCCC 400 60 35
null GATCGGCCATTGAACAAGAT CTCGTCCTGCAGTTCATTCA 194 64 33
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collagenase (WAKO) for 2 h at 37°C, and washed
twice with PBS. The cartilage tissues were homoge-
nized using Precellys24 tissue homogenizer (Bertin
laboratories), and total RNA was purified from the
lysates using RNeasy mini kits (Qiagen) according
to the manufacturer’s protocol. From pellet-cultured
ATDCS cells, we extracted total RNA by RNeasy
mini kit as well. We reverse-transcribed 1 pg of total
RNA with QuantiTect RT kit (Qiagen) according to
the manufacturer’s protocol. Real-time RT-PCR was
performed on a Thermal Cycler Dice (Takara) using
FastStart Universal SYBR Green Master (Roche).
The full-length or partial-length ¢cDNAs of target
genes, including PCR amplicon sequences, were
amplified by PCR, cloned into pCR-TOPO Zero 11
or pCR-TOPO 1I vectors (Invitrogen), and used as
standard templates after linearization. Copy numbers
of target mRNA in each total RNA were calculated
by reference to standard curves and were adjusted to
the mouse standard total RNA (ABI) with the rodent
Gapdh as an internal control. Primer information is
listed in Table 2.

Statistical analysis. Differences between two groups
were analyzed by student’s #-test. Differences among
multiple groups were analyzed by one-way ANOVA
followed by Holm’s #-test. P <0.05 was considered
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significant.

RESULTS

Skeletal development of S10041 and S100B null mice
Since S100A1 and S100B have similar functions in
chondrocyte differentiation in vitro (17) and homo-
zygous S100al or S100b KO mutants showed no
obvious abnormality during skeletal development (7,
22), we generated double KO (DKO) mutants for
both S/00al and S100b by intercrossing the two
mouse lines. Compound heterozygous S7/00al+/-;
S100b+/— founders showed normal skeletal growth
compared to wild-type mice (S100al+/+; S100b+/+,
WT) at birth (data not shown). Further mating
revealed that all homozygous double mutants lack-
ing both S100A1 and S100B proteins (S100al—/—;
S100b—/—, DKO) grew normally without obvious
abnormality in embryonic stages (Fig. 1A, B). Dou-
ble staining of skeletons of WT and DKO neonates
with Alizarin red and Alcian blue confirmed the
similar development of limbs and vertebrae (Fig. 1C,
D). Histological analyses including H&E and von
Kossa staining failed to detect obvious differences
in the architecture of chondrocyte differentiation
zones and mineralization between the different geno-

types (Fig. 1E, F).

Table 2 List of primers used for real-time RT-PCR

Product

Gene Species Forward primer Reverse primer size (bp)
Gapdh Mouse TGCACCACCAACTGCTTAGC GGATGCAGGGATGATGTTCT 177
S100al Mouse GACAAGGTAATGAAGGAACTGGATG  TGAGGAGCAAGCACGCTAAA 190
S100a2 Mouse CGTAGATGATGAGAAGGTGA CAGAACCAGGGCATACATC 91
S100a3 Mouse TGAGTGTTCTGGATACCAACAAAGA GGACAAAGATGGAGGACTGGA 197
S100a4 Mouse CTTCCTCTCTCTTGGTCTGGTCTC AACTTCATTGTCCCTGTTGCTGT 244
S100a5 Mouse GCAGAGAAGATGAAGGAGAGCA CCATAGGAGGGGCAGTTAAAGA 211
S100a6 Mouse GTGCCAGAAGGGAAAACTAAACAC GAGGCAAGGCAAACGAACA 180
S100a8 Mouse AGGAAATCACCATGCCCTCTAC GCCACACCCACTTTTATCACC 174
S§100a9 Mouse AGCGCAGCATAACCACCA CATCAGCATCATACACTCCTCAAA 224
S§100al10  Mouse GAAGCAGAAGGGGAAGAAGTAGG TTTATTGAGGGCAATGGGATG 238
S100all  Mouse CGCATGATGAAGAAGCTGGA GATGACTTGGTGGTTGGATGG 162
S100al3  Mouse GCTGTGTTGGGATGGCTAGTG CGGGAAAGAAGGTGGGATG 157
S100al4  Mouse GTAGGGGAAGGGCAGAAAGG AGGATAGCACAGGGCAGACAA 157
S100al6  Mouse CAACCTCATCCGCCAACA GGGAGAAGGGAGGAAGAAAGAG 196
S100al7  Mouse AATGAAGAAGGTGAGGTAGGTGATG  TGTGTTGGACTGGTGCTCTGT 227
S100al8 Mouse AACTAAGAAAAGGGAAGGAGCAAAG CAGGTTGAGGGAAGCCAGA 168
S100b Mouse GCCCACACCCAGTTCTCTCT CTGACTTCTTCAGCTTGTGCTTG 211
S100g Mouse CTGGATAAGAATGGCGATGGA GACGTGTCTCCGAACTTGCTT 193
S100z Mouse ACCATGATTCGCATCTTCCAC GTCCTGCATTATCTTATCCACCAAC 153
Coll0al  Mouse CATAAAGGGCCCACTTGCTA TGGCTGATATTCCTGGTGGT 224
Runx2 Mouse CCCAGCCACCTTTACCTACA TATGGAGTGCTGCTGGTCTG 150
Pthlr Mouse GGGCACAAGAAGTGGATCAT GGCCATGAAGACGGTGTAGT 210
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Fig.1 Skeletal development of S100a1-/-; S100b—-/- (DKO) mice from embryonic stage to the perinatal period. (A) Alcian
blue staining of S100a1+/+; S100b+/+ (WT) and DKO embryos (E12.5). R, radius; U, ulnar; H, humerus; S, scapula. Scale
bars, 1 mm (top), 200 ym (bottom). (B) Gross appearance of WT and DKO littermate embryos (E16.5). Scale bars, 1 mm.
(C) Double staining with Alizarin red and Alcian blue of the whole skeleton (top), upper extremities (middle), and ribs (bot-
tom) of WT and DKO littermate embyos (E16.5). Scale bars, 1 mm. (D) Length of long bones and vertebra (first to sixth
lumbar spines) of WT and DKO mice (E16.5). All data are means + SD of three mice per group. NS, no significant differ-
ence. (E) H&E staining of proximal tibias of WT and DKO neonates. Scale bars, 100 pm. Right bars indicate length of prolif-
erative zone (red), hypertrophic zone (blue), and bone area (green). (F) von Kossa staining of whole tibias (top) and distal
femurs (bottom) of WT and DKO neonates. Scale bars, 500 um (top), 100 ym (bottom). Right bars indicate length of prolif-
erative zone (red), hypertrophic zone (blue), and bone area (green).

Up to adulthood, DKO mice showed normal skele-
tal growth, compared to WT mice (Fig. 2A, B). H&E
and Toluidine blue stainging confirmed the similar
architecture of articular cartilage in WT and DKO
knee joints (Fig. 2C). Besides the skeletal develop-
ment, DKO mice did not show obvious abnormality
in appearance and behavior up to 24 months old.

Expressions of S100 protein family members in chon-
drocytes

To assess whether other S100 proteins may compen-
sate for the deficiency of S100al and S100b in skele-
tal development, we next examined expression levels
of other family members in chondrocytes obtained
from WT, S100al null mice (S100al—/—; S100b+/+,
alKO0), S100b null mice (S100al+/+; S100b—/—,
bKO), and DKO mice. Although loss of S7100al and/

or SI00b mRNAs was confirmed in the respective
mutants, compensatory upregulation of other S100
family members was not observed (Fig.3). When
we compared mRNA expression levels of the S100
family members, several members including S700a2,
S100a4, S100al0, S100all showed high expression
levels that were in a comparable range to those of
S100al and S100b in WT tissues (Fig. 3).

Suppression of the hypertrophic differentiation of
chondrocytes by S100 family members

We next examined whether the other S100 family
members which are physiologically abundantly ex-
pressed in chondrocytes may suppress the hypertro-
phic differentiation of chondrocytes similarly to
S100A1 and S100B. When we overexpressed S100A1,
S100B, S100A2, S100A4, S100A10, S100A1l, or
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Fig.2 Skeletal development of DKO mice in the postnatal period. (A) Plain radiographs of the entire bodies of WT and
DKO littermates (8-week-old). Scale bars, 1 cm. (B) Length of long bones and vertebra (first to sixth lumbar spines) of WT
(n=4), 8100a1-/-; S100b+/+ (a1KO, n=7), S100at1+/+; S100b-/~ (bKO, n=3), and DKO (n=7) mice (8-week-old). All
Data are shown as means + SD. NS, no significance. (C) H&E staining (left) and Toluidine blue staining (right) of glenohu-
meral joints of WT and DKO mice (8-week-old). Scale bars, 500 um (top), 50 pm (bottom).
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Fig.3 mRNA levels of S100 family members in rib cartilage obtained from WT (n =8), alKO (n=10), bKO (n=5), and
DKO (n = 6) mice. All Data are shown as means + SD. *P < 0.05. NS, no significant difference.
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Fig.4 mRNA levels of Col10a1, Runx2, and Pthir in ATDC5 cells transduced with GFP, S100A1, S100B, S100A2,
S100A4, S100A10 and S100A11 expressing vectors after 5-day-pellet culture. All data are shown as means = SD of three

samples per group. "P < 0.05, *P < 0.01, versus GFP.

GFP in a mouse chondrogenic cell line ATDCS by
lipofection and cultured them in pellet for 5 days,
representative marker genes for hypertrophic differ-
entiation of chondrocytes, including type 10 colla-
gen (CollOal), runt related transcription factor 2
(Runx2), and parathyroid hormone 1 receptor (Pthlir)
were significantly decreased by overexpression of
other S100 family members, to a level comparable
to S100A1 or S100B overexpression (Fig. 4).

DISCUSSION

The present study using double mutant mice defi-
cient of both S$7100al and S100b shows that these
two S100 proteins are dispensable for normal endo-
chodral ossification during skeletal development.
Compensatory upregulation of other S100 family
members was not observed in S700al/b double mu-
tants; however, S100a2, S100a4, S100al0, and
S100all are abundantly expressed in cartilage tissue,
at levels similar to S/00al and S§100b. These S100
proteins suppressed the hypertrophic differentiation
as efficiently as SI00A1 and S100B in gain-of-func-
tion analysis using ATDCS5 cells. Collectively, these
data indicate that deficiency of S100al and S100b
may be masked by these other four S100 proteins.
Consistent with our results, stress situations were
necessary to reveal phenotypes of S100 KO mice,

since S100 proteins are often upregulated in patho-
genic situation including cancers, inflammation, and
other cellular stress (4, 7, §, 10, 14, 22).

Despite the data presented here for skeletal devel-
opment, there is increasing evidence for the expres-
sion and function of S100 family members in articular
cartilage. A recent study reports that S100A1 and
S100B are useful as markers to evaluate human ar-
ticular chondrocyte (HAC) differentiation status (5).
In that report, S10041 and S100B, as well as carti-
lage matrix genes including COL2A1 and ACAN,
were downregulated during dedifferentiation of HAC.
In contrast, S10041 and SI00B were upregulated dur-
ing redifferentiation of HAC, simultaneously with
COL241 and ACAN. These data are compatible with
our previous findings that S70041 and S100B togeth-
er with COL241 and ACAN are direct transcription-
al target genes of the key chondrogenic regulators
SOX9, SOX5, and SOX6. Notably, S100410 was
expressed in HACs regardless of their dedifferentia-
tion status (5). Although expression of other S100
family members besides S/0041 and SI00B may
not be regulated in the same manner in chondro-
cytes, they could still partially compensate for func-
tions of S100A1 and S100B.

Two other S100 family members, S100A8 and
S100A9, are known as catabolic factors for articular
cartilage. Although expression levels of S700a8 and
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S100a9 were lower than those of S700al and S100b
in rib cartilage, S/00a8 and S100a9 are expressed in
inflamed synovia, and S700a9 null mice showed re-
sistance to joint inflammation and articular cartilage
destruction during antigen-induced inflammatory
arthritis (20). Intra-articular injection of S100a8
caused prominent joint inflammation with upregula-
tion of matrix metallopeptidases (20). In a surgical-
ly-induced osteoarthritis model, S100a8 and S100a9
were upregulated in early stage of osteoarthritis de-
velopment (23). In human articular chondrocytes,
S10048 and S10049 were associated with expres-
sion of cartilage degradation markers and induction
of catabolic factors and suppression of anabolic fac-
tors (18). Meanwhile, SI00A1 and S100B suppress
the hypertrophic differentiation of chondrocytes,
which is essential in osteoarthritis development as
well as in skeletal development (16, 17). Consider-
ing that SI00A8 and S100A9 exert their catabolic
effect as secreted proteins, intracellular and extracel-
lular functions of S100 family members may not be
same.

In conclusion, DKO mice displayed normal skele-
tal growth, which may be due to functions of other
S100 family members similar to those of S100A1
and S100B. Elucidation of overlapped functions and
expressions of S100 family members may be essen-
tial to understand their complicated roles in vivo.
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