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Ficure 2. Arthroscopic PMR schematic: The medial side of the
Joint is released with a periosteal elevator under arthroscopy.

would conventionally be considered unsuitable for
arthroscopic debridement. We first classified the knees
based on magnetic resonance imaging (MRI) criteria
and then analyzed the outcomes based on this classi-
fication.

METHODS

Fifty-eight medial-type OA knees in 52 patients
with flexion contracture were treated with arthro-
scopic PMR in our hospital. A single surgeon per-
formed all the procedures. Gender, age, radiographic
grading using the Kellgren and Lawrence (K/L) sys-
tem, range of motion (ROM), and the deviation of the

axis on a standing radiograph were recorded at the
time of the operation. All the patients had previously
been treated conservatively, but because of their per-
sisting knee pain, they had chosen to receive this
additional treatment. Our procedure was applied to
patients whose symptoms were restricted to the medial
side of the knee joint. Patients with asymptomatic
patellofemoral joint arthritic involvement were in-
cluded in this series.

During PMR, we performed arthroscopic debride-
ment, including meniscectomy of the degeneratively
torn medial meniscus, excision of the unstable carti-
lage flap, and release of the joint capsule together with
the MCL from the medial tibial plateau (Figs 1 and 2).
Our meniscectomies were subtotal, i.e., the posterior
two thirds of the medial meniscus was totally re-
moved. Most intra-articular operations can be per-
formed through the conventional two portals, i.e., the
lateral and medial infra-patellar portals, but in our
experience using midmedial or posteromedial portals
made the meniscectomy of the posterior horn of the
medial meniscus easier. Following the intra-articular
procedure, valgus and extension stress were applied to
the knee joint to further the release. Usually we heard
a popping sound at this step. If we were unable to
obtain enough joint space, i.e., if full extension and
valgus instability at 30° of knee flexion were not
obtained, we cut the tendon of the semimembranosus
muscle, If this was not sufficient, we then cut the MCL
transversely at the level of 1 ¢m below joint line. We
did not do any further release if we could not achieve
full extension after cutting those 2 structures. We
injected hyaluronan intra-articularly once a week for 5
weeks postoperatively. Walking was encouraged from

C

Fioure 3. Extraction of the contour of the medial femoral condyle. (A) A proton-weighted sagittal image of the center of the medial
compartment was scanned and (B) converted into a black and white image using image software. (C) The contour of the medial femoral
condyle was extracted from this image and used for further assessment,
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Ficure 4. Classification of the contour of the medial femoral
condyle. (A, B) Contour of the § group: Knees with medial femoral
condyles with smooth contours or with minimum irregularity on
MRI were classified as the S group. (C, D) Contour of the IR
group: Knees with medial femoral condyles with irregular contours
were classified as the IR group,

the day following surgery, as tolerated. Patients were
evaluated at 3, 6, 12, 18, 24, 36, and 48 months after
surgery. Clinical evaluation was performed using the
Japanese Orthopaedic Association knee score (JOA
score),!517 verbal rating score (VRS), and patient sat-
isfaction, which were evaluated at the time of each
follow-up. The JOA score is composed of 4 items: (1)
pain on walking, {2) pain on ascending or descending
stairs, (3) ROM, and (4) joint effusion. The VRS was
used to estimate the severity of knee pain at the time
of follow-up; patients were asked to rate their pain on
a scale from O to 10, where the preoperative knee pain
corresponded to 10. Patients rated their satisfaction as
very satisfied, moderately satisfied, uncertain, or un-
satisfied. The clinical outcomes of patients available
for more than 2 years of follow-up are presented in
this report. All of the evaluations were performed by
a single orthopaedic knee surgeon who did not operate
on any of the patients.

In addition te the overall analysis, we divided pa-
tients into 2 subgroups according to radiographic
grade and preoperative MRI findings focusing on the
regularity of the contour of the femoral condyle. The
clinical outcome of each subgroup was compared us-
ing the JOA score. Only patients with knees rated
grade IIf and IV in the K/L system were recruited. All
MRI examinations were performed with a Signa 1.5-
Tesla imager (GE Medical Systems, Milwaukee, WI),
and proton-weighted images were used for evaluating
the contour (FSE TR: 2000, TE: 12 msec, ETL: 4,
time: 4 min 24 sec). To assess the regularity of the
contour of the medial femoral condyle, we used com-
puter image analysis. Sagittal MRIs of the medial
femoral condyle were captured into a computer

(PowerMac G3; Apple, Tokyo, Japan) using an image
scanner (GT-7600; Epson, Tokyo, Japan), and con-
verted into black and white images (Photoshop 5.0;
Adobe, Tokyo, Japan). To determine the threshold
between black and white, histograms of the intensity
of the dots making the images were used. We deter-
mined the threshold so that only the structures with
low signal intensity remained while those with iso-
intensity to high intensity were deleted (Fig 3). After
this manipulation, only the contour of the medial
femoral condyle was extracted for evaluation. Patients
whose medial femoral condyle was seen as smooth or
with minimum irregularity on MRI were classified as
the S group (Fig 4A and B), and those depicted with
irregular contours on MRI were classified as the IR
group (Fig 4C and D). Three knee surgeons indepen-
dently classified the images as S or IR, If there was
discrepancy, the decision was made by the majority.

A histologic examination was performed on speci-
mens removed at the time of TKA. Pieces of bone cut
out from the weight-bearing area of the medial fem-
oral condyle were fixed with 10% (vol/vol) formalde-
hyde for 48 hours and decalcified with 20% EDTA for
10 days. The specimens were then processed and
embedded in paraffin. Sections were cut at a thickness
of 6 um on a microtorme and stained with H&E.

=
79.
ROM A
= .2
Staircasg
Walking]':
i
ost Pre Post Pre Post

Overmll KLTI KLIV 1Rgroup S group
Ficure 5. Comparison of the JOA scores before and after PMR,
Average preoperative and postoperative JOA scores at the time of
final follow-up are presented. The overall result is presented in the
left 2 columns. Average precperative and postoperatzive JOA
scores for subgroups that were classified with radiographic grading
(grade II in the K/L grading and grade [V) as well as those divided
by MRI findings (the IR group and the S group) are presented for
comparison, Statistical analysis for comparing preoperative and
postoperative JOA score was performed with the Wilcoxon signed-
rank test. P < .01 was taken to be statistically significant, The P
value for the IR group is more thaa 0.01 (P = .011), indicating
nonsignificant change. *, P < .01.
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Ficure 6. The patients® satisfaction at the time of final follow-up
is presented. Their level of satisfaction was divided into 4 categor-
ies. The number of patients for cach category is shown. Each
patient who received a bilateral operation is counted as 1 patient on
this measure.

Statistical analysis for comparing preoperative and
postoperative JOA score was performed using the
Wilcoxon signed-rank test. P < .01 was considered to
be statistically significant.

RESULTS

Fifty-eight medial-type OA knees in 52 patients (37
female and 15 male) with flexion contracture were
treated with arthroscopic PMR in our hospital. The
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Ficure 7. A VRS was used to assess the intensity of knee pain.
The horizontal axis represents the intensity of the pain and the
vertical axis represents the number of knees.

mean age of the patients at the time of surgery was
71.6 years (range, 47 to 84 years). The average ROM
was from 13° to 129°. Six patients received bilateral
surgeries; 2 were treated with simultaneous operations
and 4 were treated with an interval of 10 to 16 months
between operations. Seventeen knees were K/L grade
I and 40 knees were grade IV. One case was classi-
fied as K/L grade II with flexion contracture of 10°,

Ficure 8. Histology of bonies with irregular contours: (A) A sagittal MR imags of the middle of the medial compartment of the knee joint.
(B) Extraction of contour from image A revealed a medial femoral condyle, corresponding to the subchondral bone, with an irregular contour.
(C) H&E staining revealed that the irregular contour was produced by the presence of multiple pseudo-cysts (*). Specimens were obtained

at the time of TKA.



ARTHROSCOPIC PMR FOR OSTEOARTHRITIC KNEES _ 1035

B

FiGure 9. Case 1: A 76-year-old man with varus deformity of 7° was treated with arthroscopic PMR. (A) Standing anteroposterior
radiograph showed 2 highly reduced joint space in his medial compartment. (B) Lateral radiograph showed slight arthritic ¢hanges in the
pawllofemoral (PF) joint. (C, D) MRI showed minimal irregularity in terms of the contour of the medial femoral condyle.

The patients had an average of 2.5° varus knee defor-
mity.

Fifty-two knees belonging to 46 patients were avail-
able for more than 2 years of follow-up; the average
follow-up period was 3.3 years (range, 2 to 4.8 years).
Of these knees, 1 was K/L grade II, 16 were grade ITI,
and 35 were grade IV.

Overall, the average JOA score improved from 56.3
points preoperatively to 71.6 points postoperatively
(Fig 5). The average ROM at the time of last fol-
low-up was from 6° to 130°. Seventy-six percent of
patients (35 of 46 patients) were satisfied at their last
follow-up (Fig 6). The VRS scores were reported as 0
to 2 for about one third of the knees (18 of 52 knees)
and were not more than 5 for 65% of the knees (34 of
52 knees) (Fig 7). Although the knees exhibited val-
gus instability at 30° during follow-up examination,

no patients were apprehensive that the knee would
give way on walking.

The average JOA score for the K/L grade II knees
improved to 76.9 from 60.4 points preoperatively, and
that of the K/L grade IV knees improved to 69.5 from
55.3 points (Fig 5). The improvement in JOA scores
was statistically significant for both groups.

Twenty-two knees were classified into the IR
group based on MRI, and 24 knees were placed into
the S group. MRI examinations of the other 6 knees
were either not performed or not judged because of
their poor image quality. The JOA score of the IR
group improved to 66.2 points from 54.5 points
preoperatively and that of the S group improved to
79.6 points from 62.3 points preoperatively (Fig 5).
The postoperative JOA score was statistically
higher only for the S group. Histologic examina-
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Frovwe 10.  Second-look arthroscopy of case L: (A) The preoperative state of the medial compartment. Extended ebumnation of cartilage was
observed on both femur and tibia. (B) Neither inflammatory synovium nor re-adhesion of released capsule was found in the medial

compartment one year after PMR.

tion revealed that the irregularities of the femoral
condyle seen on MRI were the result of micro-
scopic multicystic changes of the subchondral bone
(Fig 8).

A total of 6 knees were converted to TKA because
of persistent knee pain. Five knees out of the 6 TKA
cases belonged to the IR group and only 1 case be-
longed to the S group. The time from PMR to TKA
ranged from 1.3 to 2.5 years.

Case 1

A 76-year-old man with varus deformity of 7°
wag treated with PMR. His radiograph was stage IV
in the K/L system (Fig 9A). His JOA score was 55
preoperatively but improved to 80 points by 6
months after the PMR and was maintained at 80
points for 3 years postoperatively. His MRI showed
minimal irregularity in terms of the contour of the
medial femoral condyle (Fig 9B). This patient un-
derwent arthroscopy just 1 year after PMR due to
locking caused by the free body, which enabled us
to see the state of the medial compartment at that
time. Figure 10A shows the preoperative state of his
medial compartment and Fig 10B shows the state 1
year after PMR. Extended eburnation of the joint
surface was observed both on the femur and tibia
before PMR (Fig 10A). Neither inflammatory syno-
vitis nor re-adhesion of the released capsule was

found in the medial compartment of his knee joint
one year after PMR (Fig 10B).

Case 2

A 59-year-old woman with 1° of varus deformity
was treated with PMR. A radiograph showed her knee
was K/L grade II1. Her MRI was classified as belong-
ing to the IR group (Fig 11). Her JOA improved from
60 points preoperatively to 65 points 1.5 years post-
operatively. The patient was not satisfied with the
result,

DISCUSSION

In this report we present the clinical results of our
arthroscopic PMR procedure as a surgical treatment
option for medial-type OA knees. Overall, the JOA
score improved 15 points, to an average score of 71.6
points following PMR. This is not as good as the
results of TKA,; in our hospital, 80 OA knees treated
with TKA achieved an average score of 80.0 with an
average follow-up of 2.5 years.!8 However, consider-
ing that all the knees in this series had flexion con-
tracture and their radiographic grading showed ad-
vanced OA changes, this procedure is certainly of
potential benefit for some patients because this arthro-
scopic operation is performed with the use of only 2 to
3 arthroscopic portals and does not lead to loss of
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Ficure 11.  Case 2: A 59-year-old woman with 1° of varus deformity was treated with PMR, (A} Her radiograph indicated osteoarthritis
of grade IT in the K/L system. (B) Minimal arthritic change was observed in the patellofemoral joint. (C, D) Sagittal MRI of her medial

compartment was used to classify her knes into the IR group.

ROM. The knees of the S group showed greater im-
provement, from 62.3 points preoperatively to 79.6
points postoperatively, a result equivalent to that of
the TKA cases. We focused on the contour of the
medial femoral condyle on MRI because our earlier
study revealed that irregularity of the contour of the
medial famoral condyle serves as an indicator of the
clinical severity of medial-type OA.!? In the present
study, the patients’ ages were somewhat different be-
tween the S and the IR group, although the radio-
graphic grading of the 2 groups was almost identical
(Table 1). Thus, the MRI findings are a significant
factor in determining the clinical outcome of PMR. In
contrast, grade IV knees obtained a statistically sig-
nificant improvement in the JOA score, as did those of

FABLE 1. Background of Patients

S Group IR Group

Age (y) 68.6 (47-82) 73.7 (58-90)
Lateral femorotibial

angle 181.8° (177°-185%) 182.5°(177°-190°)
K/L Radiographic grade

I 0 0

I 1 0

m 6 5

v 12 13

NOTE. Basic information about the patients involved in the S or
the IR classification is presented, Average age at the time of
operation, varus deformity evaluated by standing anteroposterior
radiograph, and distribution of Kellgren & Lawrence radiographic
gradings are described.
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Ficuse 12.  Histologic examination of a knee with 2 medial femoral condyle of smooth contour on MRI. (A) The original MRI and (B) an
extracted contour, {C, low magnification; D, high magnification) Histologic examination of medial femoral condyle from this specimen shows
the intact cartilage and regularly corrugated subchondral bone plate (#, subchondral bone; *, cartilage). The open box in C represents the area

presented in D.

grade HI, implying that radiographic grading does not
decisively predict the outcome of PMR,

Based on pathologic examination, we concluded
that the knees placed in the TR group contained ad-
vanced OA because the subchondral bone described
on MRI as irregularly contoured was filled with mul-
tiple pseudocysts (Fig 8). In contrast, the smooth
contours showed a regular subchondral pattern and no
cysts (Fig 12; this specimen was obtained from a
patient who suffered from a patellofemoral type OA
knee and received TKA and who is not a case in this
series). We conjecture that this pathologic change
could lessen the effectiveness of bone-preserving pro-
cedures such as arthroscopic surgery or osteotomy.
Several authors have reported benefits from arthro-
scopic debridement only when it was applied to knees
in the early stages of OA.67820 In general, once OA
knees have advanced beyond a certain stage, no ar-
throscopic treatment appears to be effective.

In 2001, Leon et al.'? reported the clinical results of
their ADMR procedure. Although they did not use any
rating system for the assessment, they reported that
their technique produced good results in 100% of their
cases, and advocated the merit of releasing the medial
side of the knee joint for medial-type arthritic knees.
They stated that knees with more than grade III in the
Ahlbach grading system are suitable for ADMR,
which means that the OA of their patients was as
severe as ours in terms of radiographic grading.?!
ADMR and PMR are different in the level of release
and the approach to the medial meniscus. In ADMR,
the release of the capsule is performed proximal to the
medial meniscus but in PMR it is performed at the
level of the tibial attachment. In ADMR, medial me-
nisci are treated only when they are torn, but in PMR,
medial menisci are excised in all cases; we observed
that all of our cases had degeneratively torn menisci.
ADMR and PMR are the same in terms of releasing
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the medial side of the kmee joint, but the clinical
results of ADMR seemed to be better than our series.
This may be simply due to the different techniques,
but it is also possible to attribute this discrepancy to
patient selection, the assessment method, or differ-
ences in lifestyle. However, the patient information
that Leon et al. presented in their report was too
restricted to allow comparison of these factors here,!2
We can state that we observed degeneratively torn
menisci in all our cases without exception, which is
consistent with the report by Jackson and Dieterichs$
that degenerative menisci were seen in all of their
patients with eburnated knees. On the other hand,
some of the cases of Leon et al. had intact menisci,
which may indicate that they treated some patients
with earlier stages of OA in their series. We can also
state that when TKA is required in the future, PMR
gives the advantage of retaining the MCL as a liga-
mentous structure.

For postoperative care, we used hyaluronan once a
week for 5 weeks with the expectation of inhibiting
the released tissue from re-adhering to the medial
tibial plateau. Hyaluronan is known to inhibit adhe-
sive reactions from occurring in operatively damaged
tissne,22-24 .

In conclusion, knees with relatively advanced me-
dial-type OA with flexion contracture can potentially
be successfully treated with PMR if their medial com-
partment is classified as S using MRL
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Distinct roles of Smad pathways and p38

pathways in cartilage-specific gene expression

In synovial fibroblasts
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The role of TGF-B/bone morphogenetic protein signaling in the chondrogenic differentiation of human
synovial fibroblasts (SFs) was examined with the adenovirus vector-mediated gene transduction system.
Expression of constitutively active activin receptor-like kinase 3 (ALK3%*) induced chondrocyte-specific
gene expression in SFs cultured in pellets or in SF pellets transplanted into nude mice, in which both the
Smad and p38 pathways are essential. To analyze downstream cascades of ALK3 signaling, we utilized ade-
novirus vectors carrying either Smad1 to stimulate Smad pathways or constitutively active MKK6 (MKK6G%4)
to activate p38 pathways. Smad1 expression had a synergistic effect on ALK3%A, while activation of p38 MAP
kinase pathways alone by transduction of MKK6CA accelerated terminal chondrocytic differentiation, lead-
ing to type X collagen expression and enhanced mineralization. Overexpression of Smadl prevented
MKK64-induced type X collagen expression and maintained type IT collagen expression. In a mouse model
of osteoarthritis, activated p38 expression as well as type X collagen staining was detected in osteochon-
drophytes and marginal synovial cells. These results suggest that SFs can be differentiated into chondro-
cytes via ALK3 activation and that stimulating Smad pathways and controlling P38 activation at the proper
level can be a good therapeutic strategy for maintaining the healthy joint homeostasis and treating degen-

erative joint disorders,

Introduction

Injury to the articular cartilage occurs under various pathological
conditions such as trauma, inflammation, and aging (1), and car-
tilage injury is followed by osteoarthritic changes of the affected
joints, Ostecarthritis is the most camrmon degenerative joint dis-
order, affecting nearly half of che elderly population. Osteoarchri-
tis is characterized by degradarion of articular cartilage and over-
growth of cartilage and bone, known as osteophytes, ar the
periphery of the articular surface, which results in pain and loss of
joint function (1, 2). Microscopically, loss of proteoglycan and fib-
tillation of the articular surface are observed at the early stage of
arthritis. Aclater stages, clefts are formed, and at the end stage, ero-
sive changes in the articular cartilage appear. The high prevalence
of this disease results in high costs for treating patients, and there-
fore the development of good therapeutics for ostecarthritis is a
macter of great urgency. Because of the limited capacity of sponta-
neous healing, the regeneration of intact articular cartilage is one
of the most challenging issues in the orthopedic field (3, 4). Trans-
plantation of autologous chondrocytes or mesenchymal progeni-
tor cells and aurogenous osteochondral transplantation (mosaie-
plasty) have been successfully utilized for the repair of focal
osteochondral defects (3, 5-11). However, the application of these

Nonstandard abbreviations used: ancerior cruciate ligament (ACL); bone
morphogenetic protein (BMP); constiturively active activin teceptor-like kinase 3
(ALK3%); constirutively active MKKS (MKK64); hemagglurinin (HA); matrix
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regulated Smad (R-Smad); synovial fibroblast (SF); TGF-Bractivating kinase 1 (TAKI).
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technologies is limited to small defects due to the difficulty of
obtaining a sufficient amount of cells or tissues,

Synovium is a thin rissue lining che nonarticular surfaces of
diarthrodial joines (12). Synovial tissues contain various types of
cells, including type A cells, macrophage lineage cells, and rype B
cells, which are specialized synovial fibroblascs (SFs). It is now wide-
ly recognized that synovial tissues are involved primarily in the
pathogenesis of arthritic joint disorders such as rheumatoid arthei-
tis by producing the matrix-degeneraring enzymes cystein proceas-
es and matrix metalloproteinases (MMPs) and the proinflammato-
ry cytokines interleukin-1 (IL-1} and tumor necrosis factor-r
(TNF-ai} (12). We previously reporced thar SFs express a high level
of recepror activator of NF-xB ligand, the osteoclast differentiation
facror belonging to the TINF-or superfamily (13). In concrast to such
catabolic actions, there is accumulating evidence that synovial cells
have anabolic effects, leading to bone and cartilage production.
Hunziker 2and Rasenburg repotced that synovial cells can migrare
into partial-thickness articular cartilage defects, where they prolif-
erate and subsequently deposic a scar-like tissue (14). Nishimura er
al. {15) demonstrated SFs show chondrogenic differentiation after
being cultured in the presence of TGF-f, and de Bari et al. recently
demonscrated that multipotent mesenchymal stem cells could be
isolated from human synovial tissues, which differentiared into
chondrocytes as well as osteoblasts, adipocyres, and myotubes
under proper culture conditions (16, 17}, Another dramatic clinical
manifestation of the chondrogenic potential of synovial tissues is
synovial chondromarosis, a tumor-like disoreer characterized by the
formation of multiple cartilaginous nodules, which is believed ro be
benign reactive metaplasia of synovial cells (18). These observations
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lead us to speculate that synovial tissues contain multiportenc cells
with chondrogenic potential that might be involved in the repair
process of articular carrilage defects and cherefore might provide a
good source for engineering articular cartilage,

There is accumulating evidence that TGF-B superfamily cytokines
play an essential role in bone and cartilage development. Wozney
and coworkers (19) reporced thar bone morphogenetic proteing
{BMPs) induce eatly cartilage formarion, and various studies have
shown that TGF-B induces chondrocyric differentiation of undif-
ferentiared mesenchymal cells (20-22). In the present study, we ana-
lyzed the role of TGF-3/BMP signaling on chondrogenic differen-
tiation of human SFs by using the adenovirus vector-mediaced gene
cransduction system. The introduction of an activated mutant of
ALK3 {constitutively active activin recepror-like kinase 3 {ALK3CA]),
also known as BMP type [A recepror, induced chondrocyte-specific
marker expression in the cells, ALK3 signaling involves ewo differ-
ent downstream cascades, the Smad pathway and the p38 MAP
kinase pathway. We used a combination of adenoviral gene delivery
and chemical inhibition to analyze the role of these rwo signaling
cascades in inducing differentiation of SF cells toward a chondro-
cyce phenotype and found thac both pathways are essenrial for
chondrogenic differentiation. Interestingly, activation of p38 path-
ways alone induced markers of terminal chendrocyte diffecencia-
tion, type X collagen expression and mineralization, which was sup-
pressed by Smad1 coexpression. These results suggest that both the
Smad and p38 pathways are necessary for chondrogenic differenci-
ation of SFs and that the balance between these two pathways deter-
mines the stage of differentiation.

Methods

Chemicals and antibedies. Alpha-modified minimum essential medi-
um (a-MEM) was purchased from Gibco BRL, Life Technologies
Inc. (Rockville, Maryland, USA), and fetal bovine serurn (FBS), from
Sigma-Aldrich (St. Louis, Missouri, USA). Anti-p38 MAPK and
anti-phospho-p38 MAPK (Thr180/Tyr182) were obtained from
Cell Signaling Inc. (Cummings Center, Beverly, Massachusetts,
USA). Anti-Flag was purchased from Sigma-Aldrich, and anti-
hemagglutinin (anti-HA) was from Santa Cruz Biotechnology Inc.
(Santa Cruz, California, USA}. Anri-phospho-Smad!/5/8, which
recognizes the phesphorylated form of Smadl, Smad 5, and
Smad8, and anti~phospho-Smad2 were from Cell Signaling Inc.
‘Anti-type I collagen was purchased from Oncogen (Boston, Mas-
sachuserrs, USA) and anri-type X collagen was from LSL Co.
(Cosmo Bio, Tokyo, Japan). Other chemicals and reagents used in
this study were of analyrical grade.

Isolation of SFs from buman synovial tissues. Synovial cells were
obtained as previously described (13, 23, 24). In brief, with enzy-
maric digestion, human synovial cells were isolated from synovial
tissues of the knee joints of ten rheumatoid archritis patients
(37-75 years of age; mean, 60.3 years of age} at the time of total knee
arthroplasty operations. Written informed consent for subsequent
experiments was obtained from each patient. Cells were suspended
in o-MEM conraining 10% FBS and were cultured in monolayers.
After chree to five passages, subcultured cells were composed of
morphologically uniform fibroblastic cells (SFs) that were free of
macrophages, They were infected with adenovirus vectors and cul-
tured in pellecs (“peller culture™). Primary chondrocytes were
obrained from articular cartilage resected during the surgeries. Car-
tilage was minced finely in phosphate-buffered saline (PBS), and
chondrocyres were isolated by sequential digestion at 37°C with
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0.25% (weight/volume) trypsin for 30 minutes and with 2 mg/ml of
closeridial collagenase in &-MEM containing 10% FBS and antibi-
otics {penicillin ar 100 pg/ml and streptomyein at 100 pg/ml)
overnight on an orbital shaker. Cells were isolated by centrifugation
and were resuspended in o«-MEM with 10% FBS. Cells were culeured
in monolayers for 1 day and then subjected to RNA isolation.

Constructs and gene transduction. The recombinant adenovirus vectors
cartying various molecules that modulate TGF-B superfamily signal-
ing pachways, thac is, HA-tagged constirutively active TGF-B/BMP
type I receptors (ALK3, ALK5®, and ALK6™), constitutively active
MKK6 (MKK6CA), Flag-tagged Smadl and Smadé with CAG
[cytomegalovirus IE enhancer + chicken B-actin promater + rabbit
B-globin poly(A) signal] promoter, were generated by the DNA-ter-
minal protein complex method (25-27). SFs were infected with aden-
ovirus vectors following a mechod previously deseribed (13). In short,
subconfluent SFs were incubated with a small amount of medium
(e-MEM without serum) that contained the recombinant aden-
oviruses for 2 hours at 37°C at the indicated multiplicity of infection
(MOI) and then with 10 times more medium to which 10% FBS had
been added. Infected cells wers cultured for addirional 3 days for
assessment of chondrogenic gene expression ot were subjected to pel-
let culture 24 hours after the infection for hisrological examination.

Pellet cultures of isolated SFs. After 24 hours of viral infection, adher-
ent cells were trypsinized and cells numbers were ascertained.
Aliquots of 5 x 10° cells were spun down ar 500 gin 15-ml polypropy-
lene conical tubes in § ml of 0-MEM with ascorbate 2-phosphate
(0.1 mM) and 10% FBS. The cells were incubated at 37°C ifi 5% CO,.
Within 24 hours after incubation, the cells formed a single, free-
floating pellec. The medium was changed every 2-3 days, and dupli-
cate pellers were harvesred after 3 and 7 days for real-time-PCR and
Northern blotting and after 3 and § weeks for hiscological and
immunchistochemical analysis. For visualization of the chondro-
genic differentiation in vivo pellets were transplanred subcuca-
neously inta nu/nu BALB mice (nude mice) after 3 days of pellet cul-
ture. Mice were sacrificed 5 weeks after transplancacion and the
pellets were recovered and subjected to toluidine blue staining as
well as immunostaining with anti-type Il collagen,

Immunoblotting. All the excraction procedures were performed at
4°C or on ice. Cells were washed with PBS and then lysed by the
addition of TNE buffer (1% NP-40, 10 mM Tris-HCl, pH 7.8, 150
mM NaCl, 1 mM EDTA, 2 mM Na;VOy, 10 mM NaF, and 10 pg/ml
aprotinin), Lysaces were prepared by centrifugarion ac 10,000 g for
20 minutes. An equal amount (15 pg) of proteins was separated by
elecerophoresis on 10% SDS-polyacrylamide gels. After electro-
phoresis, proteins were electronically transferred onto a nitrocellu-
lose membrane. Immunoblotting with specific antibodies was per-
formed with ECL Western blotting reagents (Amersham Co.,
Arlingron Heights, Illinois, USA) according to the conditions rec-
ommended by the supplier.

Histology and immunostaining. Pellet cultures were fixed with 3.7%
formaldehyde, embedded in paraffin, and cut into sections 4 um in
thickness. Representarive sections were subjected to Alcian blue stain-
ing, Alizarin red staining, and immunohiscochemistry. Alcian blue
staining was performed according to the protocol described previ-
ously (28). Briefly, after deparaffinization, sections were stained with
0.5% Alcian blue 8GX (Wako, Osaka, Japan) in 0.1 N HC] for 1 hour,
Mineralization was assessed by Alizarin red staining. In brief, sections
were immetsed in Alizarin red solution (40 mM, at pH 4.0) for 8 min-
utes at room temperature, and nonspecific staining was removed by
several washes in distilled water. For immunostaining with anti-type
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II collagen or anti-type X collagen, we ucilized a CSA Kit (DAKO,
Carpinteria, California, USA) following the manufacturer’s prorocol.
Total RNA extraction and real-time PCR. Total RNA was isolared from
SFs with ISOGEN (Wako) following the supplier’s protocol. Com-
plementary DNA (cDNA) was synthesized from 1 pig of toral RNA
with the Superscripe II reverse transcriprase kit (Invitrogen, Carls-
bad, Californiz, USA). For real-time PCR, the ABI Pristn Sequence
Detection System 7000 was used. Primers were designed based on
sequences obtained from GenBank and amplicons of 50-250 base
pairs with a melting cemperature of between 55°C and 60°C were
selected. Aliquots of first-strand cDNA (1 pg) were amplified with
the QuantiTect SYBER Green PCR Kit (Qiagen, Valencia, California,
USA) under the following conditions: initial denaturation for 10
minutes at 94°C followed by 40 cycles consisting of 15 seconds ac
94°Cand 1 minute at 60°C, Data analysis consisted of fold induc-
tion, and che expression ratio was calculated from the differences in
threshold cycles at which an increase in reporter fluorescence above
a baseline signal could firse be detected among three samples and
was averaged for duplicate experiments. The primers we urilized in
real-time PCR to detect sox9, type I collagen, type X collagen, osteo-
calcin, osteopontin, and GAPDH were as follows: sox9, 5-AGAAG-
GACCACCCGGATTAC-3" and 5"-AAGTCGATAGGGGGCTGTCT-
35 type Il collagen, 5-GGTGGCTTCCATITCAGCTA-3 and
"TACCGGTATGTTTCGTGCAG-3'; type X collagen, 5-AGGAAT-
GCCTGTGTCTGCTT-3 and 5-ACAGGCCTACCCAAACATGA-3;
osteocalcin, §-GTGCAGAGTCCAGCAAAGGT-3" and 5-CGATAG-
GCCTCCTGAAAGC-3; osteopontin, S5-ACAGCCAGGACTC-
CATTGAC-3" and §-ACACTATCACCTCGGCCATC-3; and
GAPDH, §-GAAGGTGAAGGTCGGAGTCA-3 and 5'-GAAGATG-
GTGATGGGATTTC-3".

Northern blotting. Equal amounts (15 pg) of RNA were denatured in
formaldehyde, separaced by 1% agarose gel electrophoresis and trans-
ferred to a nitrocellulose membrane (Hybond N*) {Amersham Phar-
macia, Piscataway, New Jetsey, USA), followed by ultravioler cross-
linking. ULTRAHyb hybridization solution (Ambion, Austin, Texas,
USA) was used according to the manufacturer’s protocol. The blots
were hybridized with a cDNA probe labeled with [o-*2P]dCTP using
Ready-To-Go DNA Labeling Beads (Amersham Pharmacia). Rabbit
type Il collagen and aggrecan probes were generously provided by
Yoshiyasu Iwamoto (Thomas Jefferson University, Philadelphia,
Pennsylvania, USA). Membranes were washed in 2% $5C fot 15 min-
utes at 42°C and then in 0.1x SSC for 30 minutes ac 65°C, For visu-
alizarion, X-ray film was exposed to membranes avernightat-80°C.

Osteoarthritis model mice. Osteoarthritic changes were developed in
the knee joint by transection of the anterior cruciate ligamene (ACL)
and medial meniscus (MM) in CS7BL/6 mice {mean age, 8 weeks) (29,
30). Briefly, after mice were anesthetized with keramine and xylazine,
amedial parapatellar skin incision was made. The subcuraneous tis-
sues were incised and recracted, along with the articular capsule, The
medial compartment of the knee joint was visualized and the ACL
and MM were transected with a scalpel, and thereafter the capsule,
medial retinaculum, and skin were sutured. Mice were housed in reg-
ular individual cages and allowed to exercise. Eight weeks after the
surgery, the mice were sacrificed and paraffin-embedded sections of
che affected joints were immunostained with anti-type X collagen
and anti-phospho-p38§ (Cell Signaling Technology Inc).

Results
Adenovirus-mediated gene transduction modulates the Smad and p38 path-
ways in SFs. We previously reporced that adenovirus vectors can effi-
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ciently transduce foreign genes into synovial cells both in vitro and
in vivo and that adenovirus infection itself does no affect the phe-
notypes of the cells (13). We conscructed adenovirus vecrors to ana-
lyze the role of ALK signaling as well as the Smad pathways and p3g
pacthways, which lie downstream of ALK signaling. SFs were infect-
ed with adenovirus vectors carrying various signaling molecules that
modulate TGF-B superfamily signaling pachways, thar s, HA-tagged
constitutively active ALK3, ALKS, and ALKS constiturively active
MKKS, and Flag-tagged Smad1 and Smads, as well as a control virus
carrying the f-galactosidase gene (LacZ virus), and gene expression
was determined by immunoblotting with specific antibodies. As
shown in Figure 1, clear induction of the genes encoding ALK3CA,
ALKS5CA and ALK6°4 was observed by immunoblotting with anti-HA
(Figure 1A), and Smad1 and 6, by anti-Flag (Figure 1B). ALK3% or
ALKG6* overexpression induced phosphorylation of Smad1, Smads,
and Smad8 in 5Fs, and ALK5%A-transduced cells showed Smad?2
phosphorylation (Figure LA). MKK6% virus infection specifically
activated p38 pathways in SFs, and the pathways were also activat-
ed in ALK3-transduced cells as determined by Western blotting
with anti-phospho-p38 (Figure 1C). The increased p38 phosphory-
lation induced by either ALK3%* or MKK6%4 overexpression was sup-
pressed by the p38-selective inhibitor SB203580,

Induction of chondracyte-specific gene expression by ALK3% transduction
in pellet cultures of SFs. To determine the effects of these transduced
gene products on chondrocyre-specific gene expression in SFs, we
subjected infected cells to pellet culture. After 7 days of culeute,
clear induction of type Il collagen and aggrecan genes was observed
in ALK3%-transduced culeures by both Northern blot analysis (Fig-
ure 2A) and real-time PCR (Figure 2, B and C). Expression of these
genes was also observed in ALK -transduced cultures, albeit less
efficiently, as shown in Figure 2, B and C, by real-cime PCR. Con-
trary to the strong chondrogenic effects of ALK3% virus, expression

A ey e
p-Smad1/5/8 == il
p-Smad2 Vond G jnd il it
oﬁe\"‘ly\}é". &
B Flagtag -~ g e
' \e*“é?
C

Actin W dmeish iy sl sy

o Fb e

Figure 1

Modulation of intracellular signaling pathways by adenovirus
vactor-mediated gene transduction into SFs, (A) SFs at passage 3 wera
transduced with HA-tagged constitutively active ALK3, ALKS, and ALKS,
and the expressed products were detected by Immunoblotting after 2
days of viral infection. Expression of these genes was detected by
immunablotting with anti-HA and phospho-Smad1, -Smad 5, and Smads
{p-Smad1/5/8) was observed in cells expressing ALK3%A or ALK&, and
p-Smad2, in cells expressing ALKS®, (B) Expression of Smad1 and 6 in
SFs was determined by anti-Flag. (C) Adenovirus vector-mediated ALKCA
or MKKE® expression specifically activated p38 pathways in SFs, as
determined by Western blotting with anti-phospha-p28 (p-p38). The
increased p38 phosphorylation induced by ALK3% or MKK6E%A overex-
pression was suppressed by the p38-selective inhibitor SB203580.
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of osteocalcin or osteopontin was hardly detectable in the cells (Fig-
ure 2, C and D}, indicating that hypertrophic and osteogenic dif-
ferentiation were somehow blocked in these cultures. In contrast,
neither ype Il collagen nor aggrecan gene expression was observed
in ALK5%A virus-infected cells (Figure 2, A-C). Type If collagen and
aggrecan expression induced by ALK3%A rransduction was com-
pletely suppressed by coexpression with Smad6 or by $B2033580
(Figure 2, B and C),

ALK3 gene transduction increases Alcian blue-positive matriz and type I
collagen deposition in pellet cultures of SFr. For histological analysis, cells
were subjected to peller culture 24 hours after the viral infection.
After 3 weeks of pellet culture, cells were fixed and examined by
Alcian blue scaining (Figure 3, A, D, G, and I} and Alizarin red stain-
ing and type I collagen immuneostaining (Figure 3, B, E, G,and J)
and type X collagen immunostaining (Figure 3, C and F). ALK3€A
virus-infected cultures showed cartilageous matrix production that
was strongly positive for Alcian blue staining (Figure 3D), while no
positive staining was observed in LacZ virus-infected cultures (Fig-
ure 3A) or ALK5 virus—infected cultares (Figure 3G), and only
weak staining was observed in ALK§%A virus-infected cultures (Fig-
ure 3H). No Alizarin red staining was observed in ALK3%A-infected
culcures {not shown), indicating that mineralization associated
with osteogenic differentiation was not induced. ALK3%A
virus-infected SFs showed an oval shape, morphologically remi-
niscent of chondrocytes (Figure 3D). Immunostaining with
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Figure 2

Effects of ALK3%, ALKS®, and ALKE® expression on ¢hondracyte-spe-
cific gene expression in SFs. (A-E) Gene exprassion in $Fs, as deter-
mined by Northern blot analysis (A} and real-time PCR analysis {B-E),
Subconfluent menolayer SF cultures wera infected with adenovirus vec-
tors and they were then subjected to pellet culture 24 hours after viral
infection; mRNA extracted from the pellets after 7 days of culturs was
then analyzed. Expression of type Il collagen (Col Il) and aggrecan was
clearly induced in ALK3C*-expressing cultures, as shown by Northern blot
analysis (A} and real-time PCH analysis (B and C); this was suppressed
by Smad6 coexpression and SB203580 (B and C). Expression of type I!
collagen and aggrecan was also observed in ALK6C-expressing cul-
tures, albeit loss efficiently, as shown in B and C by real-time PCR. Nei-
ther the osteocalcin nor the osteopontin gens was induced by ALK3%
virus infection (D and E). P.C,, positive cantrol, which represents the
Northem blotting using mRNA of primary chondrocytes. N.S., not signif-
feant; *P < 0.001; **P < 0.005 (significantly different),

anti-type Il collagen showed positive staining in ALK3¢A
vicus-infected peller cultures (Figure 3E) and weak staining in
ALK& virus-infected cultures (Figure 3H), while we failed to
detect type X collagen in ALK3% virus-infected cultures (Figure
3F), which suggests an absence of terminal differentiation to hyper-
trophic chondrocytes. No positive type Il collagen immunostaining
was detected in LacZ virus-infected culrures (Figure 3B) or ALK5SA
virus-infecred cultures (Figure 3H).

ALK3CA-transduced SFs after pellet culture form cartilage matriz in vivo.
Te study chondrogenic differentiation of §Fs in vivo, we subcuta-
neously transplanted the pellets into nutde mice, Mice were saeri-
ficed 3 weeks after the transplantation and the pellets were recov-
ered and subjected to histological analysis, The transplanced SF
pellets expressing ALK3% were positively stained for toluidine blue
(Figure 4C), which detects proteoglycan componencts, as does Alcian
blue staining. Type I collagen immunostaining was also posirive
{Figure 4D}, indicating the cartilaginous differenciarion of the cul-
tures in vivo, while Alizarin red staining was almost underecrable
(data not shown). ALK6SA expression also induced chondrogenesis,
albeit much less prominently (not shown), while neicher LacZ (Fig-
ure 4, A and B) or ALKS®* (not shown) expression could induce
chondrogenic phenotypes in the cultures. The histological obser-
vation was further confitmed by real-time PCR; expression of type
IT collagen and aggrecan was significantly higher in ALK3%A-trans-
duced pellets {Figure 4, E and F). These results suggest thac ALK3¢A

NumberS  March 2004 721



research article

Alcian blus

averexpression was able to target cartilage formation without sub-
sequent bone formation in vivo.

Segregation of ALK signaling pathways. ALK signaling is known to be
mediaced by both the Smad pathways and MAP kinase pathways,
especially the p38 pathways (31-33). We cherefore attempred ro
distinguish the roles of the Smad pathways and p38 path-
ways from each other using a specific p38 inhibitor or ade-
novirus vectors. Smadé coexpression or treatment of the
cultures with the p38 inhibitor 8203580 completely
abrogated the chondrogenic gene expression induced by
ALK3¢ (Figure 2, B and C). These resulrs indicate thar
both the Smad pathways and the p38 MAP kinase pach-
ways are required for the differentiation, Although Smad1
expression alone (MOI = 20) or a small amount of ALKSA
virus (MOI = 2) failed to induce type IT collagen expression
in §Fs, both had synergistic effects, and robust upregula-
tion of type II collagen gene was observed by coinfection
of Smad1 virus (MOI = 20) and ALK3%4 virus (MOI = 2)
(Figure 5A). Interestingly, activation of p38 pathways
alone by MKKGCA expression in SFs induced rapid induc-

ALK3%A

Figure 4

ALK3%-transduced SFs form cartilage matrix in vivo. (A-D}
Three waeks after transplantation into nude mice, pellets were
recovered and stained with toluidine blue (A and €) and
immunostained with anti-type 1i collagen (B and D). Typa ll col-
lagen Immunohistochemistry was shown in the enlarged fea-
tures of the rectangular area in the toluidine blue staining. Dis-
tinct positive staining was observed in ALK3%-expressing
cultures (B and D) in contrast to LacZ virus-infected cultures
(A and C). Scale bars: 100 um. {E and F) Real-time PCR anal-
ysis of type Il collagen and aggrecan. Their expression was sig-
nificantly higher in ALK3%-expressing pellets than in LacZ-
expressing pellets. *P < 0,001 {significantly different).

Relative mRNA lavels
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Figure 3

ALK3% gene transduction increases Alcian blue~positive matrix and type
Il collagen deposition in pellet cultures of SFs. {A—J} Adenovirus—infect-
ed SF peliats wers fixed with 3.7% formaldehyde after 3 weeks of culture
and then were subjected to Aleian blue staining (A, D, G, and 1) or
immunostaining with anti~type ! coltagen (B, E, H, and J) or anti-typa X
coliagen (Col X) (€ and F). Distinct Alclan blue () and type !l collagen (E)
staining was cbserved in ALK3%*-expressing cultures. ALK& -expressing
cultures showed weaker staining (1 and J), and no positive staining was
observed in ALK5 virus—infactad (G and H) or LacZ virus—infected (A
and B} cultures. No type X collagen immunostaining was abserved in cul-
tures expressing LacZ or ALK3% (C and F). Scale bar: 100 pm.

tion of Sox? and rype I collagen, which declined rapidly, however,
and type X collagen expression was subsequently increased (Figure
5B). Coexpression of Smad! together with MKK6SA not only
reduced cype X collagen expression but also maintained cype I col-
lagen expression in the cells (Figure 5B). Pellet cultures infected
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with MKKGC* virus were positively stained by type X collagen
immunostaining as well as Alizarin red staining, which was sup-
pressed by Smad| virus coinfection (Figure 6).

Type X collagen expression and p38 activation in synovial cells in
ostesarthritic joints. To examine the role of p38 activation in the
development of degenerarive changes in the articular cartilage, we
next analyzed synovial tissues in the mouse model of osteoarthri-
tis. After ACL and MM resection, the animals developed degener-
ative joinc changes mimicking osteoarthritis. Osteachondrophytes
were formed at the posterior edge of the femnoral condyle and they
were positively stained by anti-type X collagen as well as toluidine
blue (rectangular areas in Figure 7, A and C) 4 weeks after the oper-
ation (corresponding to the stage of moderace osteoarthritis),
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Figure §

Segragation of downstream signaling pathways of ALK3. (A} Syner-
gistic effect of Smad1 expression on the chondrogenic effacts of the
ALK3% virus. Expression of Smad1 (MOl = 20) together with ALK3%A
virus (MOI = 2) strongly induced expression of type il collagen in SFs.
White bars indicate typa !l collagen exprassion on day 1 of cultures,
and black bars indicate that on day 3. **P < 0.005 (significantly differ-
ent), (B} MKKB-p38 pathways promote terminal chondrocytic differen-
tiation of SFs. Mandatory activation of p38 pathways by expression of
MKK&S using adenovirus vectors rapidly activated expression of the
Sox9 and type | collagen genes, which rapidly declined, while expres-
sion of a terminal chondrocytic differentiation marker, type X collagen,
was gradually increased. Adenovirus vector-madiated overexpression
of Smad1 together with MKK6%* suppressed type X collagen expres-
sion and maintained type Il collagen expression in SFs. *P < 0.001;
**P < 0.005 (significantly ditferent).

Clusters of migraring synovial cells were observed adjacent to the
osteochondrophytes (Figure 7B, arrowheads), where future osteo-
chondrophytes will develop, and they were weakly stained by rolu-
idine blue and anti-type X collagen at the marginal area berween
synovium and osteophytes (rectangular areas in Figure 7, B and D).
This region was also positively stained by anti-phospho-p38 (Fig-
ure 7F). No'positive staining was observed in the normal synowvi-
um, however (daca not shown).

Discussion

The signaling events leading to chondrogenesis still remain elusive,
although there is accumulating evidence that TGF-B superfamily
cytokines may play an important role (19-22). The receptors of
TGF-B family members are composed of two different types of ser-
ine/threonine kinase receprors, known as type [ and type I (31, 34,
35). Type Il receprors are constitutively active kinases and phos-
phorylace type I receptors, also called ALKs. Type I receprors in turn
mediare specific intracellular signaling pathways and therefore
determine the specificity of the downstream signaling. So far, seven
type I receptors have been identified, ALKs 1-7. ALK3 (BMPR-IA)
and ALK6 (BMPR-IB) are strucrurally similar to each other and
function as BMP receprors, while ALKS and ALK4 work as type [
TGF-B receprors. Using the adenovirus vector system, Fujii ec al.
reported thar ALK1€A, ALK2, ALK3%A, and ALKG<A induced
osteoblasric differentiation of C2C12 myoblasts and char ALK3C4
or ALK6%A introduction induced chondrocytic differentiation of
ATDC teratocarcinoma cells (27).

In the present study, we focused on the regulation of chondro-
genic differentiation of primary SFs obtained from rheumatoid
archritis patients, §Fs have chondrogenic potencial (15, 18) and
can migrate inco articular cartilage defects, where they deposica
scar-like tissue as Hunziker ecal, pointed our (14), suggesting that
SFs have anabolic effects on joint homeostasis and are involved in
the restoration process of articular cartilage. We demonstraced
that adenovirus vector-mediated ALK3% gene expression induced
robust induction of chondrocyre-specific gene expression in SFs
in a ligand-independent manner. Clear induction of Sox9, 2 key
transcription factor regulating chondrogenesis (36, 37), followed
by type Il collagen and aggrecan expression, was observed in the
ALK3A-expressing cultures, while type X collagen was only weak-
ly induced in the cultures and no osteocalcin expression could be
found {Figures 2 and 5). Induction of these chondrocyte-specific
genes through ALK3%* expression was not observed in skin fibro-
blasts, suggesting the cell specificity of the evencs (data not

March 2004 723



research article

Alcian blue

Alizarin red

Col X

%dvb
e

MB“‘+ a1

Virus MKKseA

shown). The chondrogenic effect of ALK3%* virus was further con-
firmed histologically by pellet cultures performed in vitro and in
vivo (Figures 3 and 4). Induction of neither the osteoblast mark-
ers osteopontin and osteocalcin nor the terminal chondrocyte dif-
ferentiation markers type X collagen and mineralization was

_observed in ALK3CA-expressing cells (Figures 2, 3, §, and 6). These
results suggese that ALK3 signaling, that is, BMP signaling, has
both stimulatory and regulatery roles in chondrogenesis: to
induce the chondrogenic differentiation of SFs and at the same
time to block their osteoblastic or hypertrophic differentiation.
Despire the structural similarity berween ALK3 and ALKS, the
ALK6 virus was much less efficient in chondrogenesis, the rea-
son for which remains to be clarified. Although many studies have
demonstrated a prochondrogenic effect for TGF-B (15, 16, 20-22),
we failed to find an anabolic effect for ALKSCA which is expected
to mimic TGF-}} signaling, on the chondrogenic differentiazion of
SFs. We cannot fully explain the discrepancy between our resulcs
and those of previous studies, but Robbins and coworkers recenc-
ly reported char adenovirus vector-mediated TGF-B gene trans-
duction into archritic joints in fact exacerbated cartilage degra-
dacion (38), raising the possibility that sustained activation of
TGF-P signaling, via ALKS, has instead a negarive effect on chon-
drogenesis, Purther scudy will be required to elucidace the differ-
ence between TGF-§ and BMP signaling.

The signaling of TGF-B/BMPs is transduced by Smad family
members (31, 34, 35). Receptor-regulated Smads (R-Smads) are
direct subsrrates of type I receptors and are phosphorylated at
the C-tetminal SSV/MS morif, R-Smads then form heteromeric
complexes with common-mediator Smads and translocate into
the nuclei, where they regulate transcription of target genes. In
addition to Smad pathways, there is evidence that MAP kinase
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Figure 6

Induction of Alizarin red staining and type X collagen in MKK6-transducad
SFs in pellet cultures. {A-F) §Fs infected with MKKE%* virus alone (A, C,
and E) or together with Smad1 virus (B, D, and F) were subjected to pel-
let culture. Cultures wera fixed with 3.7% formaldehyde 3 weeks later, and
then stained with Alcian blus (A and B), Alizarin red {C and D) or anti-typs
X collagen {E and F). Note the increased Alcian blue staining and the
reduced Alizarin red activity and type X collagen immunoactivity with
Smad1 coexpression. Scale bars:100 pm (A-D) and 50 um {E and F).

cascades are also implicared in ALK signaling, in which TGF-f-
activating kinase (TAK1), a member of the MAP kinase kinase
kinase family, plays a key role. TAKI activates MAP kinase kinase
in combination with an adapror molecule, TAB1, which leads to
JNK and p38 activation (32}, The role of p38 in chondrogenesis
has recently atrracred particular interest because p38 inhibitors
such as SB203580 suppress the chondrogenic differenciarion of
ATDCS cells induced by growth/differentiation factor-5 (33, 39).
However, the exact roles of the Smad pathways and p38 pathways
in chondrocyte differentiation are not yer fully clarified, We used
a combination of adenoviral gene delivery and a chemical
inhibiror to segregate the roles of these two pathways down-
streamn of ALK3 activation and found thac (a) inhibitory Smad
(Smad6) expression or treatment with the p38 inhibiter
SB203580 suppressed the effect of ALK3%A expression (Figure 2)
(b) Smadl synergistically augmented the effect of ALK3<A (Fig-
ure 5A), and (¢) acrivation of p38 pathways alone by MKK6CA
expression induced the hypertrophic differentiation markers type
X collagen and mineralization in SFs, which was suppressed by
Smad] coexpression (Figures 5B and 6). These results suggest
thar although both Smad and p38 activation is necessary for
chondrogenic differentiation of §Fs, sustained activation of p38
pathways alone prompts the terminal differentiation of the cells.
Consistent with our results, Zhen et al. (40) reported that
parathyroid hormone inhibits type X collagen expression in
hypertrophic chondrocytes by suppressing p38 pathways. Von
der Mark ec al. (41) reported the focal appearance of type X col-
lagen in osteoarthritic cartilage, which may be involved in the
degenerative changes of the articular cartilage and in the patho-
genesis of osteoarthritis. Using the mouse model of osteoarthri-
tis, we found that activated p38 is associated with type X colla-
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gen expression in the synovial tissues adjacent to osteochon-
drophytes as well as in the degeneracive cartilage (Figure 7).
Smad pathways not only are required for chondrogenic differen-
tiation of SFs but also critically regulate the stage of differentiation
of the cells and suppress their terminal differentiarion process.
Consistent with our findings, Scharstuhl recently reporced
inhibitory action of Smad? in TGF-B-induced chondrocyre prolif-
eration and proteoglycan production {42), indicating a critical role
for Smad pathways. Hidaka and coworkers (43) demonstrared that
adenovirus vector-mediated BMP-7 expression in chondrocytes
accelerates the cartilage repair process. More recently, Lories and
colleagues (44) demonstrared that BMP-2 and BMP-6 expressed in
archritic syrrovium are regulaced by proinflammatory cytokines and
differentially modulate fibroblast-like synoviocyte apoptosis, and
Fukui e al. (45) found that BMP-2 expression was increased by
proinflammarory cytokines in normal and osteoarthricis chondro-
cytes. These findings, combined with our observations, suggest that
although BMPs have favorable effects on the repair process of artic-
ular cartilage, they may have proapoprotic and/or degenerative
effects on the cells when p38 pachways are overactivated. Our find-
ings suggest an important role for p38 signal transduction pach-
ways in chondrocyres and §Fs, leading to degenerative joint disor-
ders, and suggest the potential utility of p33 modifiers in the
treacment of theumatoid arthritis and/or ostecarthricis. In fact, p38
kinase modifiers are now in clinical trials to treat theumaroid
arthritis (46). Based on our observations, we would like to propose
that SFs are an excellent source for chondroprogenitors, which can
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Figure 7

Histological analysis of knes joints in the mouse ACL and MM
resection model. (A-F) Toluidine blue staining (A and B) and
type X collagen immunostaining (C and D) at the marginal
area between the articular cartilage and synovium. B and D
present higher-magnification views of A and C, respectively.
Osteochondrophytes were formed at the posterior edge of the
femoral condyle, and they were positively stained by anti-type
X collagen as well as toluidine blue {rectangular areas in A
and C). Clusters of migrating synovial cells were abserved
adjacent to the osteochondrophytes (B, arrowheads) where
future osteochendrophytes will develop, and they were posi-
tively stained by anti-type X collagen at the marginal area
betwaen synovium and osteophytes (rectangular area in D).
This region was also positively stained by anti~phospho-p38
(F). E and ¥ represent phase-contrast microscopy (E) and
immunostaining with anti-phospho-p3s (F} of the rectangu-
lar area in D, Positive phospho-p38 staining was observed at
the area of osteochondrophytes as well as the marginal syn-
ovium. Scale bars: 500 prn (A-D) and 50 pm (E and F).

be differentiated into chondrocytes via ALK3 activation, and that
activation of the Smad pathway while concrolling the degree of p38
activation may be a way to generate committed chondrocytes for
the repair and/or replacement of cartilage.
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PPARY insufficiency enhances osteogenesis
through osteoblast formation
from bone marrow progenitors
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Based on the fact that aging is associated with a reciprocal decrease of osteogenesis and an increase of adi-
pogenesis inbone marrow and that osteoblasts and adipocytes share a common progenitor, this study inves-
tigated the role of PPARY, a key regulator of adipocyte differentiation, in bone metabolism. Homozygous
PPARY-deficient ES cells failed to differentiate into adipocytes, but spontaneously differentiated into
osteoblasts, and these were restored by reintroduction of the PPARY gene. Heterozygous PPARFdeficient
mice exhibited high bone mass with increased osteoblastogenesis, but normal osteoblast and osteoclast
functions, and this effect was not mediated by insulin or leptin. The osteogenic effect of PPARY haplo-
insufficiency became prominent with aging but was not changed upon ovariectomy. The PPARYhaploin-
sufficiency was confirmed to enhance osteoblastogenesis in the bone marrow cell culture but did not affect
the cultures of differentiated osteoblasts or osteoclast-lineage cells. This study demonstrates a PPARY-
dependent regulation of bone metabolism in vivo, in that PPARYinsufficiency increases bone mass by stim-
ulating osteoblastogenesis from bone marrow progenitors.

Introduction

Osteoblasts and adipocytes share a common progenitor: multipo-
tential mesenchymal stem cells in borie marrow (1-3). Accumulat-
ed evidence of the differentiation switching of these two cell lin-
eages suggests that a large degree of plasticity exists becween them
and that the relationship is reciprocal (4-6). The clinical fact that
a decrease in bone volume (BV) of age-related osteoporosis is
accompanied by an increase in marrow adipose tissue (7-9) also
implies the possible reciprocal relationship that is postulated to
exisc berween the two differentiation pathways. The signal trans-
duction pathways implicared in this process are therefore evaluac-
ed as potential rargecs for therapeutic intervention of osteoporo-
sis. The molecular mechanism underlying the reciprocal
relationship is not yer well understood, however, although several
studies using strain-specific and KO murine models have begun to
explore the relationship in vive (10-15).

Several key transcription factors that funcrion in the complex
transcriptional cascade during adipocyte differentiation have been
identified, including PPARY and CCAAT enhancer-binding proteins
(C/EBPs) (16). PPARYis a ligand-activared cranscription faccor chat
belongs to the nuclear hormone receptor superfamily and functions
as a heterodimer with a recinoid X recepror by binding to the PPAR,
responsive element (PPRE) within the promorers of the target genes

Nonstandard abbreviations used: alkaline phospharase (ALP); bone morphogeneric
protein-2 {(BMP-2); bone volume (BV); CCAAT enhancer-binding proceins (C/EBPs);
computed tomography (CT); LDL recepror-related protein § (LRPS); leukemia inhibico-
ry factor (LIF);, M-CSF-dependent bone marrow macrophage {M-BMMg); receptor
activater of nuclear factor kB ligand (RANKL); ovariectomy (OVX); PPAR responsive
elemenc (PPRE); tartrate-resistant acid phosphazase (TRAP); tissue volume (TV); oype [
collagen a1 chain (COL1A1).
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(17-19). PPARYis expressed eatly in the adipocyte differentiation
program and is activared by long-chain fatty acids, peroxisome pro-
liferators, and the thiazolidinedione class of antidiabetic agents
(17-19). Most importantly, PPARY plays tequisite and sufficient
roles in the regulation of adipocyte differentiadion, because its over-
expression in fibroblast cell lines initiates adipogenesis 20) and ES
cells and embryonic fibroblastic cells from mice lacking PPARywere
unable to differentiate into adipocytes (21-23).

When one takes the results of the studies together, it is possible thac
PPARY may contribute not only to adipogenesis, but also to osteoge-
nesis in the bone marrow where bipotencial precursors can differen-
tate to eicher adipocytes or ostecblases. This study investigated the
physiological role of PPARY on the marrow cells and bone cells using
in vivo morphological analyses and ex vivo cell culture systems. For
the in vivo analysis, we used mice lacking the PPARy gene, which we
generared by gene targeting (22), Although the homozygous PPAR Y
deficient (PPARY-) mice were embryonically lethal ar 10.5-11.5 days
after post coitum due to placental dysfuncrion, hererozygous PPARY
deficient (PPARY/) mice developed normally. The heterozygotes led
to a 50% reducrion in PPARYy exptession and exhibited resistance to
high-fac diet-induced obesity and insulin resistance; however, on a
standard dier they grew normally, without abnormalities in major
organs such as brain, heart, liver, spleen, ot kidney (22, 24), We show
here that the homozygous PPAR#deficient ES cells spontaneously
difterentiate into osteoblasts ex vivo and that PPARy haploinsuffi-
ciency due to the heterozygous PPARydeficiency resulted in enhanced
bone formation with increased osteoblastogenesis from bone mar-
row progenitors both in vivo and ex vivo.

Methods
Animals. The generation of PPARy gene-targeted mice was
described previously {22). In each experiment, WT and PPARY-
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mice litrermates fed a standard diet were compared. All experiments
were performed on male mice at 8 or 52 weeks of age, except for che
ovariectomy (OVX) experiment in which female mice underwent
surgical operation at 26 weeks and were analyzed at 30 weeks. All
experiments were performed according to the protocol approved by
the Animal Care and Use Committee of the University of Tokyo.

ES cell cultures. Mouse PPARy/- and WT ES cells were isolared
from blastocysts generated by mating PPARY/ mice with each
other, as previously described (25). ES cells were maintained in
DMEM medium supplemented with 15% FBS, 200 mM L-glu-
tamine, 100 pM B-mercaproethanol, and 10% U/ml of leukemia
inhibirory factor (LIF; Chemicon International, Temecula, Cali-
fornia, USA). Differentiation of ES cells was induced by using a
modified prorocol, described previously (2, 26). In brief, after
being teypsinized with 0.025% trypsin-EDTA, cells were plated
onto a bacterial Pecri dish in the absence of LIF and cultured with
100 nM all-trans retinoic acid for § days, with medium being
replenished on day 3. The embryoid bodies were transferred to a
gelatinized six-multiwell plate and allowed to adhere to the well
with DMEM containing 10% FBS. For the analysis of osteogenic
differenciation, cultures were maintained in the szme condirion
without any additional supplements for 10 days, were fixed wich
10% buffered formalin, and were incubated in the presence of 5%
silver nitrace solution under an ultravielet light for 10 minutes,
then incubated for 5 minutes in the presence of 5% sodium thio-
sulfate solution (von Kossa staining). To discern the caleified nod-
ules from the embryoid bedy, both of which are seen as black, che
von Kossa-positive nodules that do not connect to the embryoid
body in a well were counted. For the analysis of adipogenesis, the
mediuvm was supplemented with 1 UM croglicazone (Sankyo Phat-
maceutical Co., Tokyo, Japan) for 10 days, fixed in 10 mM sodium
periodare, 2% paraformaldehyde, 75 mM L-lysin dihydrochloride,
and 37.5 mM sodium phosphate, and then stained in a filtered
solution of 0.3% oil red O in 60% isopropanol for 15 minutes. The
red-stained, lipid vacuole-containing cells in a well were counted,
To rescue ostecblast and adipocyte differentiation of PPARY/- ES
cells, the recombinant retrovirus vector carrying the PPARygene
and empty vectar were constructed as previously described (22).
ES cells were infected with equal citers of each recombinant vitus
as described (20), with some modificarion.

Skeletal morpholagy and blood chemistry. A bone radiograph was
taken with a soft x-ray apparatus (SOFTEX; CMB-2, Tokyo, Japan).
A three-dimensional CT scan was taken using a composite x-ray
analyzing system (NX-HCP; NS-ELEX Inc., Tokyo, Japan) and the
trabecular bone area (percentage of BV per tissue volume [TV]} was
measured on the compurted tomography (CT) image. All histolog-
ical analyses were carried out using WT and PPARY/- littermates
as previously described (27). Paramerters for the trabecular bone
and the number of bone marrow adipocytes was measured in an
area 1.2 mm in lengrh from 0.5 mm below the growth place at the
proximal metaphysis of the ribiae. The number of adipocytes in
this area was determined by counting thar of oval vacuoles in the
toluiding blae staining, The chickness of the growth plate was mea-
sured at the proximal tibiae. Serum insulin was measured by
insulin immunoassay (Morinaga Institute of Biological Science,
Yokohama, Japan), and leptin was assayed wich the ELISA-based
Quantikine M mouse leprin immunoassay kit (R&D Systems Inc.,
Minneapolis, Minnesota, USA).

Primary bone marrow cell cultures. Bone marrow cells were col-
leceed from long bones of 8-week-old PPARY/- and WT male lit-
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termates. Cells were plared at a density of 106 cells on a six-mulci-
well plate in o-MEM concaining 10% FBS, wich 1 pM troglitazone
for the adipogenesis assay and with 50 jg/ml ascorbic acid and 10
M B-glycerophosphate for osteogenesis assay. The oil red O
staining was performed as mentioned above at 14 days of culture.
For the alkaline phosphatase (ALP), cultured plates were rinsed
wich PBS, fixed in 100% echanol at 10 days of culture, and stained
with Tris-HCl-buffered solurion (pH 9.0) containing naphthol
AS-MX phosphate as a substrate and Fast Blue BB salt (Sigma-
Aldrich, St. Louis, Missouri, USA) as a coupler. For the Alizarin
red S staining, cultured plates were rinsed with PBS ar 21 days of
culture, fixed in 10% buffered formalin, and stained with 2%
Alizarin red S (pH 4.0) {Sigma-Aldrich). The von Kossa staining
was performed as menticned above ar 28 days of culture. For che
growth curve assay, bone marrow cells derived from either WT or
PPARy'/- littermares were inoculated at a density of 107 cells per
dish in 10-cm culture dishes in ®-MEM conraining 10% FBS, 50
Kg/ml ascorbic acid, and 10 mM P-glycerophosphate, and then
was cultured for 3 days. The adherent cells were then harvested
and inoculated at a density of 3 x 105 cells/dish in 10-cm culeure
dishes and further cultured in the same medium. The number of
cells per dish was counted 1, 2, 3, and 4 days after the seeding.

Real-time quantitative RT-PCR. Total RNA was extracted with an
ISOGEN kit {Wako Pure Chemicals Industry Ltd., Osaka, Japan),
according to the manufacturer’s instructions, from ES cells cul-
tured for 10 days after the embryoid bodies were transferred to gela-
tinized plates and from bone marrow cells cultured for 14 days after
the seeding. One microgram of RNA was reverse-transcribed using
a Takara RNA PCR Kit (AMV) ver. 2.1 (Takara Shuzo Co., Shiga,
Japan} to make single-stranded cDNA. PCR was performed on an
ABI Prism 7000 Sequence Dretection System (Applied Biosystems
Inc,, Foster City, California, USA). The PCR reacrions consisted of
QuanciTect SYBR Green PCR Master Mix (QIAGEN, Tokyo, Japan),
0.3 pM specific primers, and 500 ng of cDNA. Relative levels of
mRNA of a specific gene were calculated using the standard curve
generated with ¢cDNA dilutions, with normalization to actin as an
incernal contrel, PCR primers of specific genes used For amplifica-
tion are available upon request. '

Primary osteoblastic cell eultures. Osteoblastic cells were isolated from
calvariae of neonaral WT and PPARY/ littetmates as previously
described (27). For the cell proliferation assay, cells were inoculated
at a density of 10* cells/well in a 24-multiwell plate, cultured in che
same medium for 48 hours, and deprived of serum for 12 hours
before adding the experimental medium with and withour roglira-
zone (1 uM) or FGF-2 (1 nM; Kaken Pharmaceutical Ce., Chiba,
Japan). Incorporation of [*H]-thymidine (1 tCi/ml in the mediurn)
added for the final 3 hours was measured after 24 hours of culture.
For ALP activity measurement, cells were inoculared aca densicy of
10* cells/well in a 24-mulrtiwell plate and cultured in ¢-MEM con-
taining 10% FBS and 50 Ug/ml ascorbic acid with and without trogli-
tazone (1 UM) or bone morphogenetic protein-2 (BMP-2; 30 ng/ml;
Yamanouchi Pharmaceurical Co., Tokyo, Japan). At 14 days of cul-
ture, cells were sonicated in 10 mM Tris-HCl buffer (pH 8.0) con-
taining 1 mM MgCl; and 0.5% Tricon X-100. ALP activity in the
lysate was measured using a Wako ALP kir (Wako Pure Chemicals
Industry Ltd,), and the protein conrent was determined using a BCA
protein assay reagent (Pierce Chemical Co., Rockford, lllinois, USA).
For Alizarin red 8 and von Kossa stainings, cells were inoculated at
a density of 5 x 104 cells/well in a six-multiwell plate in o-MEM con-
taining 10% FBS, 50 pg/ml ascorbic acid, and 10 mM B-glye-
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erophosphate, and were stained at day 21 and 28, respectively, as
mencioned zbove. Difference in maturity between the bone marrow
cells and the calvarial osteoblasts was examined by the calcified nod-
ule formation determined by Alizarin red S staining and the osteo-
calcin expression determined by real-time PCR analysis.

Assays for osteoclastic cells. Tartrate-resistanc acid phosphatase-
positive (TRAP-positive) multinucleated osteoclasts were generared
by coculturing osteoblastic cells (104 cells/well) and bone marrow
cells (5 % 105 cells/well) derived from eicher WT or PPARY/- litter-
mates, as mentioned above, in a 24-multiwell plate in &-MEM con-
taining 10% FBS for 6 days with and without 1,25(0H);D; (10 nM),
prostaglandin E; (100 nM}, and IL-11 (10 ng/ml}. Cells positively
stained for TRAP containing more than three nuclei were counted
as osteoclasts. To determine bone resorption activity, osteoclasts
formed by the coculrure on 0.24% collagen gel coated on 100-mm
dishes were digested with 0.2% collagenase solution, and a 1:50
aliquotincluding osteoclasts was seeded on a dentine slice. After 48
hours of culture in a-MEM concaining 10% FBS, the total area of
pics stained with 0.5% toluidine blue was evaluated using an image
analyzer. To study the role of PPARYinctrinsic to osteoclastic cells, we

A _ PPARY*
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used the M-CSF-dependent bone marrow macrophage (M-BMM)
culture system as described previously (28). Briefly, bone marrow
cells from WT or PPARY"- mice were seeded at a density of 3 x 105
cells/well in a 24-multiwell plate and cultured in a-MEM contain-
ing 10% FBS with M-CSF (100 ng/ml). After culruring for 3 days,
adherent cells (M-BMM¢) were further cultured wich M-CSE (100
ng/ml) and soluble recepror activator of nuclear factor B ligand
{RANKL} (100 ng/ml) for 3 days. TRAP-positive osteoclasts were
counted. To determine the survival, osteoclasts generared as above
were deprived of M-CSF/soluble RANKL and cultured for an addi-
tional 48 hours. At 3, 6, 12, 24, and 48 hours, the TRAP-positive and
trypan blue-negarive osteoclasts were counced.

Statistical analysis, Means of groups were compared by ANOVA, and
significance of differenices was determined by post-hoc resting using
Bonferroni’s method.

Results

Osteogenesis is enbanced in the homozygous PPAR ydeficient ES cell culture.
To examine the involvement of the PPARY signaling in fat and bone
metabolism, we first compared the adipogenesis and osteogenesis in
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Adipogenesis and osteogenesis in the mouse ES cell cultures of homozygous PPAR xdeficient {PPARYy+) and WT genotypas. As a rescue experi-
ment, PPARy was reintroduced into PPARy- ES ¢ells using a retrovirus vector carrying the PPARygene (RxPPARY or the sama retrovirus vector
without the PPARY gene (Rx-vector) as a control. (A) The upper row shows the adipogenesis determined by the ofl red O staining of the ES ¢ell cul-
ture in DMEM/10% FBS with troglitazone. The number of oil red O-positive cells stained in red was counted and shown in the left graph as the cells
per square centimeter. The images in the lower row indicate the osteogenesis determined by tha von Kossa staining of the ES cell culture In
DMEM/10% FBS without any osteogenic supplements. The number of von Kossa—positive calcified nodutes stained in black was counted and shown
in the right graph as the number per squarea centimeter. Scale bar: 20 um. (B) Refative mRNA levels of the marker genes for osteoblasts — COL1A1,
osteocalcin and Runx2 — determined by real-tima quantitative RT-PCR 10 days after the embryoid bodies wers transferred to a gelatinized six-mul-
tiwell plate in DMEM/10% FBS without any osteogenic supplements. The ordinats axis indicates the relative amount of mRNA as compared with that
of WT. Data are expressed as means (bars) + SEMs {error bars) for eight wells per group. *Significant difference from the WT culture, P < 0.01.
*Significant restoration by Rx-PPARYyas compared with the control PPARy™- and PPARy* plus Rx-vector cultures; P < 0.01. Cont, control.
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