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Figura 2 The friction torque and the wear amount in the hip-Jeint simulator with three kinds of PE liners. a, Friction torque of the three liners against the femoral
heads measured before the loading test. b, Time course of the wear amount produced from the three liners during 3 x 10® cycles of loading. The CL-PE and MPG-CL-PE
data are shown in an expanded scale on the right. ¢, The wear amount from the CL-PE and MPC-CL-PE liners for every 5 x 10° cycle infervals, d, Representative SEM
Images of the wear partictes Isolated from lubricants of the sitmutators with CL-PE and MPC-CL-PE liners, The graph below shows the distribution of particles in each size
range. Data are expressed as means (symbols and bars) + s.e.m. {error bars) for 10 liners per group. * significant difference from PE; P<0.01.

bond and the ester bond, respectively, and thase in the nitrogen atom
at 403 eV (N,,) and phosphorus atom at 133 eV (P.,) were specific to
the phosphorylcholine group in the MPC unit.

To assess the lubricity and hydrophilicity, the MPC was grafted
onto the PE plate (MPC-PE plate). The friction coefficient measured
using a tensile test device and the contact angle of a water drop
measured using the sessile drop method with a goniometer on the
MPC-PE plate were about 1/7 and 1/5, respectively, of those on the
non-grafted PE plate (Fig. 1¢,d}. These results indicate that the MPC
grafting on PE greatly increases both lubricity and hydrophilicity.

Mechanical effects of the MPC grafting on the hip prosthesis
were examined using a hip-joint wear simulator'* under the
conditions recommended by the International Organization for
Standardization (ISO). We prepared crosslinked acetabular PE
liners with photoinduced grafting of MPC onto their surface
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(MPC-CL-PE liner), and compared them with crosslinked PE liners
without the MPC grafting (CL-PE liner) and non-crosslinked PE
liners without the MPC grafting (PE liner). The frictien torques of
the three liners against the femoral head were compared before the
loading test. There was no difference between PE and CL-PE liners;
however, the MPC-CL-PE liner shawed 80-90% lower torque than
these two (Fig. 2a). Throughout the 3 x 10® cycles of gravimetric
loading by the hip-joint simulator, the wear amount of the MPC-
CL-PE liner was about 4 and 40 times less than those of the CL-PE
and the PE liners, respectively (Fig. 2b). Clinically, the wear rate at
the initial stage after a total hip replacement is thought to be well
correlated with the incidence of periprosthetic osteclysis, because
the wear particles may gain access to the articulation and accelerate
the additiona! wear by a three-body mechanism'’. In fact, the time-
course analysis of the wear amount for every 5 x 10° cycle intervals
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Figure 3 Optical findings of the surfaces of liners and corresponding femoral heads. a, Three-dimensional morphometric and SEM analyses of the liner surfaces (top
and middle, respactively} and SEM analyses of the femoral head surfaces (bottam) before (Pre) and after 3 x 10% cycles of loading. Scale bars, 500 um 2nd 20 pm in middle
and bottom, respectively. b, FE-TEM images of the thickness of MPG fayer before (Pre) and after (Pos) the loading. The bubbtes on the surface were produced in the process

of preparing the specimen. Scale bars, 100 nm.

revealed that the amount from the CL-PE liner was about twice as
large as that from the MPC-CL-PE in the initial cycles, and somewhat
increased in the later cycles (Fig. 2¢c). Contrarily, about 70% of the
total wear amount was produced from the MPC-CL-PE liner in the
initial 1 % 10° cycles, and decreased thereafter. In the last 5 x 10°
cycles, the wear amount of MPC-CL-PE was less than 1/20 that of
CL-PE. Although the present 3 x 10¢ cycles of 280 kgf (kilogram
force) load is assumed equivalent to 3-10 years of physical walking,
this result suggests that the mechanical effect of the MPC grafting
will be maintained or somewhat more pronounced even after
loading beyond 3 x 10f cycles. In fact, our preliminary simulator
experiment with I x 107 cycles of loading revealed much stronger
wear resistance by this grafting (data not shown). Scanning electron
microscopy (SEM; JSM-5800LV, JEOL, Tokye, Japan) analysis of the
wear particles isolated from the lubricants revealed no significant
difference of the particle size distribution between CL-PE and MPC-
CL-PE liners, the great majority of which was 0,1-1.0 pm (Fig. 2d).
Optical examinationof theliner surfaceusinga three-dimensional
morphometric analysis after 3 x 10% cycles of loading revealed that
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there was little or no wear in the MPC-CL-PE liner, whereas substantial
wear was detected in the PE and CL-PE liners (Fig. 3a, top}. The SEM
analysis of the liner surface revealed that the original machine marks -
by the manufacturer’s processing still remained on the MPC-CL-PE
liner surface, which were completely obliterated in the two control
liners (Fig. 3a, middle). Furthermore, the field emission transmission
electron microscopy (FE-TEM) analysis showed that most of the liner
surface was covered by the MPC polymer layer even after 3 x 10° cycles
of loading (Fig. 3b}. The XPS analysis also confirmed the remainder
of the specific spectra of C,, P,, and N;, on the MPC-PE liner surface
just as in Fig. 1b after the loading (data not shown). Contrarily, the
SEM analysis of the femoral head showed no difference among
the three groups (Fig. 3a, bottom). The femoral heads were free
of visible scratches and the surface roughness expressed by the R,
values was not different before or after the loading in all groups
(R, =0.05-0.06 pum), suggesting there was no abrasive contamination
with metal particles from the heads in the hip-joint simulator,

With respect to the reduction of wear by the MPC grafting, we
should consider the lubrication mechanism between the liners and
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metal heads of the hip-joint simulator. Although phospholipids
themselves are known to work as effective boundary lubricants!®,
recent studies of natural synovial joints have shown that fluid film
lubrication by the intermediate hydrated layer is the predominant
mechanism under physiological walking conditions®. Because the
present study revealed that the MPC grafting onto the PE plate
increased the hydrophilicity (Fig.1d) and our previous study
showed that the free-water fraction on the MPC polymer surface is
kept at a higher level®, the reduction of wear is likely to arise from
the hydrated lubricating layer that is formed by the MPC grafting.

As PE particles are known to be most abundant and catabolic
among wear particles in the periprosthetic tissues™, alternative
bearing surfaces have been proposed such as ceramic-on-ceramic
and metal-on-metal articulations; however, these have their own
potential disadvantages?™®, The long history and popularity of
PE as a bearing surface has led to research in the development
of tougher and more wear-resistant PE materials: the incorporation
of short chopped carbon fibres in PE matrix (Poly II)**, the
extension of chain crystallite morphology with thicker lamellae
and higher crystallinity (Hylamer)®, and the creation of a three-
dimensional molecular network by the crosslinking. Among them,
only the crosslinking successfully improved the wear resistance and
suppressed the periprosthetic osteolysisin the clinical setting®?. It is
therefore noteworthy that the MPC grafting onto the crosslinked PE
surface further increased the wear resistance over the conventional
crosslinked PE.
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Considering that MPC is a biccompatible polymer, we next
examined biological responses to particles using in vivo and in vitro
models, The MPC polymer was grafted using 2 solvent-evaporation
technique onto the surface of polystyrene (P$) particles whose size
was approximately 500 nm in diameter, based on the result above
(Fig. 2d) and previous findings®* that the mean particle size from
clinically failed prostheses is around 500 nm with >90% of particles
less than 1 pm. The XPS spectra of C,,, P,, and N, on the surface
of the PS particles grafted with MPC were quite similar to that of
the MPC-PE liner surface as shown in Fig. 1b (data not shown).
Although the surface electrical potential ({-potential) of the surface
of non-grafted PS particles determined using electrophoretic light
scattering was around —66.0 mV, the MPC grafting neutralized the
potential to =2.5 mV, as we reported previously”. These results
indicate that the MPC polymer was stably immobilized on the
surface of the particles.

We first compared the in vivo bone resorption induced by PS$
particles with and without the MPC grafting using an established
in vivo murine calvarial model™*®. When non-treated PS particles
were injected beneath the calvarial periosteum, notable stimulations
of tartrate-resistant acid phosphatase (TRAP)-positive osteoclast
formation and bone tesorption with inflammatory reaction were
observed (Fig. 4a). However, subperiosteal injection of the MPC-
grafted particles did not induce bone resorption. This effect was
confirmed by histomorphometric analysis: the osteaclast number
and the eroded surface of the calvarial bone that were increased
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four- to sixfold by the implantation of non-treated PS particles, a3
compared with those by the solvent alone, but were little affected
by the MPC-grafted particles, indicating that MPC grafting is
biologically inert (Fig. 4b).

To further investigate the cellular and molecular mechanisms
underlying the prevention of osteoclastic bone resorption by the
MPC grafting, we first compared the phagocytosis of fluorescence-
labelled PS particles with and without the MPC grafting by cultured
mouse intraperitoneal macrophages. Although large amounts
of non-treated particles were phagocytosed by macrophages,
the MPC-grafted particles were not taken into the cells, probably
because biocompatible MPC polymer prevented macrophages
from recognizing the particles as foreign bodies (Fig. 5a). We next
examined the secretion of bone-resorptive factors by macrophages
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exposed to the particles. Concentrations of TNF-q, IL-1, IL-6 and
PGE, in the culture medium of mouse macrophage-like cell line
J774 cells were 4-20 times more stimulated by the exposure to
non-treated PS particles than those without the exposure; however,
the exposure to the MPC-grafted particles affected none of them
(Fig. 5b). When the conditioned media of J774 cells were added to
a mouse osteoblast culture, the receptor of NF-kB ligand (RANKL}
was strongly expressed by the medium exposed to non-treated
particles, but not by that exposed to the MPC-grafted particles
(Fig. 5¢}. These results indicate that the MPC grafting prevented the
secretion of resorptive factors by macrophages and the subsequent
RANKL expression by osteoblasts. Finally, osteoclastogenesis in the
coculture of mouse bone marrow cells and osteoblasts was increased
about sevenfold by the conditioned medium of 774 cells exposed
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to non-treated PS particles as compared with the control, and this
stimulation wassignificantlyinhibited by addition of anti-TNF-a, anti-
IL-1 or anti-IL-6 antibody, a cyclooxygenase-2 (COX-2) inhibitor
celecoxib, and a RANKL inhibitor osteoprotegerin; this confirmed
the involvement of some network systems of these factors in the
osteoclastogenesis by wear particles. Contrarily, the conditioned
medium of J774 cells exposed to the MPC-grafted particles did
not increase osteoclastogenesis (Fig. 5d). These biological findings
indicate that the MPC grafting can successfully inhibit the bone-
Tesorptive response to wear particles to levels similar to those of
recently developed pharmacological therapies such as cytokine
antagonists, COX-2 inhibitors and osteoprotegerin®™®, Because the
lack of side effects of the MPC grafting has already been confirmed
clinically by several medical devices'*™™, this surface grafting will
surpass the pharmacologic therapies that possibly cause serious side
effects during a long period of administration after surgery.

For these biological studies, we initially tried to use the PE wear
particles isolated from the hip-simulator experiment above; however,
it turned out to be impossible because the PE particles could not be
isolated from the lubricants without damaging the MPC polymer layer.
The [ubricants after loading contain abundant and adhesive proteins
that were degraded and precipitated by the heat generated by the head-
liner friction. For the isolation of PE particles, it is essential to digest the
proteins using strong hydroxdde?! %, which cannot avoid breaking the
chemical structure such as the esteratic bond of the MPC unit. In fact, the
KPS analysis of the surface of isolated particles revealed the lack of the
MPC polymer layer. In addition, even if we could isolate the PE particles
with MPC grafting properly, the amount from the MPC-CL-PE liner
was too small to be used for the biological experiments. We therefore
attempted to graft MPC onto the surface of new PE particles or the wear
particles from the simulator experiment; however, the floating nature
of PE on the liquid surface due to the low specific gravity made the
photoinduced polymerization of MPC impossible, because the grafting
procedure requires that the particles be agitated in the liquid®. Hence, for
the biological experiments we used PS particles that have conventionally
been used for the in vivo and in vifro analyses of particle-induced
osteolysisas a substitute for PE***, PS isa hydrocarbon polymer just like
PE, buthasa higher specific gravity than PE. Because these two polymers
share similar physical and chemical properties—electrically neutral and
little chernical sensitivity—we believe that biclogical responses to these
particles are also similar,

Taken together, the presentresults demonstrate that grafting MPC
onto the PE liner surface of the hip prosthesis markedly decreased
the friction and the production of wear particles. In addition, even if
the particles were produced by friction, they were biclogically inert
with respect to phagocytosis by macrophages and subsequent bone-
resorptive responses: secretion of cytokines and PGE,, induction of
RANKL, and osteaclastogenesis.

Although this study focused on the hip prosthesis, whoseloosening
is the most frequent and serious among total joint replacements
of upper and lower extremities, the MPC grafting can be used for
the prevention of periprosthetic ostealysis of other joints, in which
PE particles from articular interfaces are also known to initiate the
catabolic cascade’*, From the mechanical and biological advantages
shown in this study, we believe that the MPC grafting will make a
significant improvement in total joint replacements by preventing
periprosthetic osteclysis and aseptic loosening. The development of
this technique would improve the quality of care of patients having
tatal joint replacements and have a substantial public health impact.
We are now designing a large-scale clinical trial,

METHODS

For mechanical znalyses, 2 12-stadon hip-joint wear simulator apparatus (MTS, MTS Systems,
Minneapolis, Minnesota) with theee kinds of PE liners in 42 mm bular cups: linked PE
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liner (K-MAX, Japan Medical Materials, Ozaka}, crasslinked PE liner {K-MAX Excellink), and MPC-
grafted K-MAX Excellink, coupled to 22 mm eobalt—hromium-molybdenum alloy heads (K-MAX
HH-02, Excellink), was mounted on rotating blocks 1 produce bimdal se orbital moton'™, The simgla-
tor experiment was performed sceording to the international standsrd of “implants for surgery — wear
of total hip-joint prosthesis” established by 130 (#14242-1; 2002), which was proved to be closest 1o the
physiolegical conditions. Briefly, a Paul-type loading profile, which is a physiological walking simulation
with continuous cydic motion and loeding, was applied (maximuen force = 280 kgf, frequency = 1 Hzp"
in the lubricant of distilled water containing 25% bovine calf seram. Friction torque berween the liner
and the femora! head was measured using a torque measuring instrumnent. The simulacor was nun upto
3 x 10% cycles, and the change of lubricant and gravimetric measurement of the liners were performed
every 5 x 10° cycles. For the isolation of wer particles, the lubri after the loading was incubated
with 5 N NaOH solution in order to digest adhesive proteins that were degraded and precipitated; the
particles were then collected and underwent sequential ltrations, as reported previously™. The size of
particles was defined a5 the maxicnum dimensions by SEM analysis.

For biological anafyses, all animal experiments were perfarmed ceording to the guidelines of
the International Association for the Study of Pain®, and were approved by the committee of Tokyo
Universily chasged with confirming ethics. The én vivo mouse calvaria experiment was performed
as reporied previously™, Briefly, after exposing the calvaria of mice, 2 subperiosteal injection of PS
particles {average diameter = 468 nm; Polysciences, Warringtan, Pennsylvania) with or without the
MPC grafting, ot an equal volume of solvent {dcionized water} alove was performed.

Mice were sacrificed seven days after the surgery, and che ealvaria was excised, fixed, and decalcified
in EDTA, Osteocl: is in the coronal histological sections was d ined by TRAP staining.
‘The sections were subj to bi ph ic analyses under a light microscope with a micrometes,
and pucameters for bore resorption were measured as reported previoudy™, For the phagacytosis

peri rouse intcap | macrophages were isolated, expased to fluorescence-lzbelled particles,

cultured for 1 b, and observed with x flucrescence microscope, Mouse macrophage-like celt ling [774 cells
(Riken Cell Bank, Saiwuina, Japan) were oxposed to partictes and cultured for 24 h. The p werg
subject to cytokine and PGE, measurements using the ELISA method, and were used as the conditioncd
media for the following assays. For the RANKL expression assay, mouse asteoblagts isolated from
neonatl calvariae were cultured in the conditioned media for 24 h. RANKL expression in asteoblasts
was d using the q and real-time reverse transeription polymerase chain reaction
{RT-PCR) analyses. The information on the primers is avaitable upon request. For asteodast formation
aisay, mouse primary osteoblasts above and bone marrow cells isolated fom adult mouse long bones
were cocultured in the conditioned media in the presence or absence of and-TNE-a, anu-JL1, anti-TL-
6 antibody, control i serum, celecoxib or gerin, Cells were stained with TRAP,
and those positively stzined and ing mare than three nuclei weve counted as osteoclasts. For the
statistical analysiz, means of groups were compared by ANOVA and the significanee of differences was
determined by post-hoc testing using Bonferroni's axethod,
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The Combination of SOXS5, SOX6, and SOX9 (the SOX Trio)
Provides Signals Sufficient for Induction of
Permanent Cartilage
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Tsuyoshi Takato,® Kozo Nakamura,? Hiroshi Kawaguchi,? Shiro Ikegawa,' and Ung-il Chung?

Objective, To regenerate permanent cartilage, it is
crucial to know not only the necessary conditions for
chondrogenesis, but also the sufficient conditions. The
objective of this study was to determine the signal
sufficient for chondrogenesis.

Methods. Embryonic stem cells that had been
engineered to fluoresce upon chondrocyte differentia-
tion were treated with combinations of factors necessary
for chondrogenesis, and chondrocyte differentiation was
detected as fluorescence. We screened for the combina-
tion that could induce fluorescence within 3 days. Then,
primary mesenchymal stem cells, nonchondrogenic im-
mortalized cell lines, and primary dermal Gbroblasts
were treated with the combination, and the induction of
chondrocyte differentiation was assessed by detecting
the expression of the cartilage marker genes and the
accumulation of proteoglyean-rich matrix. The effects of
monolayer, spheroid, and 3-dimensional culture sys-
tems on induction by combinations of transcription
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factors were compared. The effects of the combination
on hypertrophic and osteoblastic differentiation were
evaluated by detecting the expression of the character-
istic marker genes,

Results. No single factor induced fluorescence,
Among various combinations examined, only the SOXS,
S0X6, and SOX9 combination (the SOX trio) induced
fluorescence within 3 days, The SOX trio successfully
induced chondrocyte differentiation in all cell types
tested, including nonchondrogenic types, and the induc-
tion occurred regardless of the culture system used.
Contrary to the conventional chondrogenic techniques,
the SOX trio suppressed hypertrophic and osteogenic
differentiation at the same time,

Conclusion. These data strongly suggest that the
SOX trio provides signals sufficient for the induction of
permanent cartilage.

Utilizing the differentiation aund proliferation ca-
pabilities of stem cells, regenerative medicine attempts
to treat irreversible organ failures that cannot be dealt
with by conventional medical treatment. In the skeletal
area, cartilage has a relatively poor regenerative capacity
and, thus, may benefit most from regenerative medicine.
Conditions such as osteoarthritis and congenital skeletal
defects are apparent targets that have great medical and
socioeconomic impact. To make cartilage regenerative
medicine a reality, it is essential to know the conditions
that are both necessary and sufficient for chondrogene-
sis.

A number of factors have been shown to be vital
for chondrogenesis. These factors include the sex-
determining region Y—type high mobility group box
(SOX) family of transcription factors (1), insulin-like
growth factor 1 (IGF-1} (2), fibroblast growth factor 2
(FGF-2) (3), Indian hedgehog (IHH) (4), bone morpho-
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genetic protein 2 (BMP-2) (5), transforming growth
factor B (TGFpB) (6), and Wnt proteins (4).

Many lines of evidence, both in vitro and in vivo,
have shown that SOX proteins are necessary for chon-
drogenesis. SOX9 is expressed in all chondroprogenitors
and chondrocytes except hypertrophic chondrocytes
(7.8). Heterozygous mutations of SOX9 cause a severe
chondrodysplasia, known as campomelic dysplasia, in
humans (9,10). Analysis of chimeric mice containing
wild-type and Sox9-deficient cells showed that the mu-
tant cells were excluded from chondrogenic mesenchy-
mal condensation and failed to express chondrocyte-
specific marker genes (11). SOX9 was shown to bind to
and activate chondrocyte-specific enhancer elements in
Col2al, Col9al, Collla2, and Aggrecan in vitro (12-18).
Conditional ablation of the Sox9 gene in limb buds
before mesenchymal condensation resulted in a com-
plete absence of chondrocytes, whereas conditional ab-
latton of Sex? after mesenchymal condensation resulted
in a severe generalized chondrodysplasia (19). Two
other members of the Sox family, Sox5 and Sox6, are
also required for chondrogenesis. Sox5” and Sox6*
mice show chondrodysplastic phenotypes and die at
birth. Sox5™ and Sox6™ mice develop a severe, gener-
alized chondrodysplasia characterized by a virtual ab-
sence of cartilage (20). In vitro studies have shown that
Sox5 and Sox6 cooperate with Sox9 to activate the
Col2al enhancer in chondrogenic cells (21).

Although these lines of evidence demonstrate
that these factors are necessary for chondrogenesis, no
single factor has proved sufficient for the process. That
is, we do not yet know what constitutes a sufficient signal
for chondrogenesis. In the current study, we sought to
determine the sufficient signal by screening various
combinations of known factors that are necessary for
chondrogenesis.

MATERIALS AND METHODS

Construction of plasmid vectors and adenoviruses,
Combinations of known factors important for chondrogenesis
were screened. These factors included SOXS5, SOX6, SOXS,
IGF-1, FGF-2, [HH, BMP-2, TGFB, and Wnt proteins, For
each signaling pathway, we constructed an adenovirus vector
that stimulates the pathway (overexpression of the wild-type
form or expression of the constitutively active form) as well as
one that inhibits the pathway (expressioa of the dominant-
negative form or RNA interference [RNAI] form).

We then stimulated the signaling and inhibition of
cach factor. SOX signaling was stimulated as described below,
To stimulate SOX iohibition, we constructed adenoviruses
expressing RNAI for SOX35, SOXS, and S0X9 (22). To
stimulate IGF-1 signaling, we used an adenovirus expressing
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insulin receptor substrate 1 (IRS-1); to inhibit, we used one
expressing a dominant-negative form of IRS-1 (23). To stim-
ulate FGF signaling, we constructed an adenovirus expressing
a constitutively active form of FGF receptor 3 (FGFR-3); to
inhibit, we used one expressing RNAi for FGFR-3 (24). To
stimulate THH signaling, we constructed an adenovirus ex-
pressing constitutively active Smoothened (25); to inhibit, we
used one expressing a repressor form of Gli-3 (26). Ta
stimulate BMP signaling, we used an adenovirus expressing a
constitutively active form of activin receptor-like kinase 6
(ALK-6); to inhibit, we used one expressing Smadé (27). To
stimulate TGFB signaling, we used an adenovirus expressing a
constitutively active form of ALK-5; to inhibit, we used one
expressing Smad7 (27). To stimulate Whnt signaling, we con-
structed an adenovirus expressing a constitutively active form
of T cell factor (TCF); to inhibit, we used one expressing a
dominant-negative form of TCF (28).

As 2 control vector, we used the adenovirus expressing
the B-galactosidase gene lacZ. Thus, for each signaling path-
way, there were 3 adenoviruses (positive, negative, and neu-
tral). To create combinations, one adenovirus from each
signaling pathway was selected and mixed with ancther.

To create adenoviruses expressing SOXS, SOX6, and
S0OX9, full-length human SOX5, SOX6, and SOX9 comple-
mentary DNA (¢cDNA) was amplified by polymerase chain
reaction (PCR) and cloned isto pEGFPCl and pShuttle
mammalian expression vectors {Clontech, Palo Alto, CA), We
confirmed that the introduced green fluorescence protein
(GFP) tags did not interfere with the activities of any SOX.
PCR products were verified by DNA sequencing, Adenovirus
vectors expressing SOXS, SOX6, and SOX9 were constructed
with the AdenoX Expression system (Clontech), according to
the manufacturer’s instructions. Adenovirus vector expressing
LacZ was provided by the manufacturer. Adenoviruses were
packaged and amplified in HEK 293 cells and purified with an
AdenoX virus purification kit (Clontech). The viral titers were
estimated with an AdenoX rapid titer assay kit (Clontech),

Isolation and culfure of cells. Mouse embryonic stem
(ES) cells were isolated from blastocysts obtained from
C57BL/6 mice expressing a GFP transgene engineered to be
expressed specifically in chondrocytes (Col2-GFP), as previ-
ously described (29). Col2-GFP ES cells were cultured in
high-glucose Dulbecco’s modified Eagle's medium (DMEM;
Sigma, St. Louis, MO) supplemented with -mercaptoethanol
(200 pM), leukemia inhibitory factor (1,000 units/ml), nones-
sential amino acids {1%), penicillin (50 units/m!}, streptomycin
(50 pg/ml), and fetal bovine serum (FBS; 15%) (JRH Bio-
sciences, Lenexa, KS), as previously described (30). To gener-
ate Col2-GFP miice, the 6.3-kb Col2al premoter region direct-
ing chondrocyte-specific expression was released from the
plasmid p3000i3020Col2al (a generous gift from Dr. Benoit de
Crombrugghe, M. D. Anderson Cancer Center, Houston, TX)
and subcloned into the pEGFP-1 vector (Clontech). The
Col2-GFP transgene was then excised and purified for micro-
injection. Pronuclear injection and subsequent selection of
founders were performed as previously described (31).

Human mesenchymal stem cells (MSCs) and adulit
human dermal fibroblasts (DFs) were purchased from Cam-
brex (East Rutherford, NJ). Human MSCs were cultured in
MSC growth medium at 37°C under 5% COQ,. Adult human
DFs were cultured in high-glicose DMEM supplemented with
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penicillin (50 units/ml), streptomycin (50 pg/ml), and FBS
(10%).

HuH-7 cells (RCB1366) were obtained from the
RIKEN Cell Bank (Tsukuba, Japan). HeLa cells (JCRB9004)
were obtained from the JCRE Cell Bank (QOsaka, Japan). HEK
© 293 eells were purchased from Clontech. All cell lines were
cultured at 37°C under 5% CO, in high-glucose DMEM
supplemented with penicillin (50 units/ml), streptomycin (50
pg/ml), and FBS (10%).

In vitro cartilage formation by Sox gene transfer.
Embryoid bodies were formed by 3-dimensional (3-D) suspen-
sion culture for 5 days and subsequent 2-D adhesive culture on
gelatin-coated plates for 3 days. Then, the embryoid bodics
were transduced with adenoviruses expressing the various
genes listed above, including the SOX trio at 100 multiplicities
of infection (MOI}. Chondrogenic differentiation was detected
as fluorescence by confocal fluorescent microscopy.

For spheroid culture, human MSCs and adult human
DFs were cultured in 100-mm dishes until confluency, and
adenoviruses expressing the SOX genes were transduced at 50
MOI, Two days after transduction, cells were trypsinized and
500,000 cells per tube were gently centrifuged to form sphe-
roids. Spheroids were cultured in serum-free high-glucose
DMEM or in chondrogenic medium, which consisted of 300
ng/ml of BMP-2 (Yamanouchi, Tokyo, Japan) and 10 ng/ml of
TGER3 (Techne, Princeton, NI) in addition to high-glucose
DMEM supplemented with 10~°M dexamethasone, 50 pg/ml
of ascorbate, 40 pg/m! of proline, 100 pg/ml of pyruvate, and
1X insulin-transferrin-selenium+1 (Sigma). Czlls were col-
lected at 3, 7, 14, and 21 days after spheroid formation for
histochemical analyses and real-time PCR.

For analysis of monolayer-cultured human MSCs and
adult human DFs, SOX genes were transduced at 50 MOL
Cells were coliected at 5, 5, 16, and 23 days after transduction
for real-time PCR. Three-dimensional culture on collagen gel
was performed with 3-D Collagen Cell Culture system (Koken,

Tokyo, Japan), according to the manufacturer’s instructions. -

The transduced human MSCs and adult human DFs were
trypsinized 2 days after transduction and seeded onto a
DMEM-containing collagen gel at a density of 250,000 cells/
cm? in 24-well plates and then cultured in serum-free DMEM.
Cells were collected at 7, 14, and 21 days of 3-D culture. In
each culture system, the medium was replaced every 3-4 days.

Transfections of HuH-7, Hela, and HEK 293 cell lines
with GFP-SOX expression vectors were performed with Fu-
GENE 6 transfection reagent {(Roche, Mannheim, Germany).
In cotransfection, the same amount of total DNA was used,
and all plasmids were added in an equal ratio,

Real-time PCR analysis. Total RNAs from cells were
isolated with an RNeasy mini kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. All tota! RNA
samples were treated with DNase I Total RNAs (50 ng to 1
ug) were reverse-transcribed with MultiScribe reverse tran-
scriptase (ABI, Foster City, CA) and random hexamers in a
50-pd reaction volume, according to the manufacturer’s in-
structions, and 1 ul of each reverse transcriptase reaction was
used as a template for the second-step SYBR Green real-tims
PCR. The full-length or partial-length ¢cDNA of target genes,
including PCR amplicon sequences, were amplified by PCR,
cloned into pCR-TOPO Zero II or pCR-TOPO II vectors
(Invitrogen, Carlsbad, CA), and used as standard templates

after linearization. QuantiTect SYBR Green PCR Master Mix
(Qiagen) was used for the second-step SYBR Green real-time
PCR according to the manufacturer’s instructions. SYBR
Green PCR amplification and real-time fluorescence detection
were performed with an ABI 7700 Sequence Detection system,
All reactions were run in quadruplicate. Copy numbers of
target gene messenger RNA (mRNA) in each total RNA were
calculated by reference to standard curves and were adjusted
to the buman or mouse standard total RNA (ABI) with the
human GAPDH or rodent Gapdh as an internal control.

Each primer position in the coding sequences of target
genes is described below. SOX35 and SOX6 primer sets were
designed on the N-terminal domain of their long isoforms. The
human set was as follows: for aggrecan, 6497-6796; for chon-
dromodulin 1, 175-431; for COL2A1, 3856-4123; for
COLSYAl, 338-635; for COL10A1, 1641-1843; for COL11AZ,
2543-2836; for matrilin 3, 232-422; for SOXS5, 354-854; for
SOXs6, 315-593; for SOX9, 651-762; for RUNX2, 1270~1447;
for COL1Al, 1184-1411; and for osteopontin (QOPN), 251-
446,

The mouse set was as follows; for aggrecan, 6013-6177;
for chondromodulin 1, 192-474; for Col2al, 3713-3951; for
Col9al, 1969-2196; for Collla2, 910-1120; for SoxS, 1775-
2010; and for Soxé, 2114-2271.

Western blot analysis. Western blot analysis was per-
formed with cell extracts from SOX-overexpressing cell lines,
human MSCs, and adult human DFs. Whole cell lysates or
nuclear extracts (5 ug) were separated by 5-15% sodium

* dodecy! sulfate~polyacrylamide gel electrophoresis and trans-

ferred to polyvinylidene difluoride filters. The filters were
incubated with an anti-GFP antibody (1:200; Clontech), anti-
SOX antibody mixture (1:200-1:1,000 each; Santa Cruz Bio-
technology, Santa Cruz, CA, and a generous gift from Dr.
Yoshihiko Yamada, National Institutes of Health, Bethesda,
MD, and Dr. Tomoatsu Kimura, Toyama Medical and Phar-
maceutical University, Toyama, Japan). Antigen-antibody
complexes were detected with horseradish peroxidase—
conjugated secondary antibodies and visualized with the use of
an ECL-Plus system (Amersham, Piscataway, NJ).

Histologic analysis. Spheroids and mouse tibias were
fixed overnight at 4°C in 4% paraformaldehyde/phosphate
buffered saline, transferred to 70% ethyl alcohol, and stored at
4°C until they were used. Subsequently, the samples were
either frozen in OCT compound and then sectioned at 10 um
or embedded in paraffin and sectioned at 5 um. Sections were
stained with Alcian blue, toluidine blue, or Safranin O to
evaluate the cartilaginous matrix, and with hematoxylin and
eosin to evaluate the morphology, as previously described (32).
Tmmunchistochemistry for Col2 and LacZ was performed as
previously described (32).

In vivo SOX gene transfer. Ten 8-week-old CSTBL/G]
mice were divided into 2 groups and anesthetized with an
intraperitoneal injection of pentobarbiturate (5 mg/100 gm of
body weight). Then, 10 p! of a suspension of adenovirus vector
expressing LacZ or the SOX trio (10° MOT) was injected into
the subcutaneous tissue in front of the anteromedial diaphysis
of the tibia. The mice were killed 1 week after surgery, and the
catire tibia and surrounding tissue were harvested for histo-
logic and immurohistochemical analyses. Whole tibias were
dissected and fixed for 2 hours in 4% paraformaldehyde/
phosphate buffered saline, pH 7.4, and decalcified for 2 weeks
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Figure I. Induction of chondrocytic phenotypes in embryonic stem (ES) cells by the SOX trio, A,
Fluorescence of growth plate chondrocytes from the Col2-GFP-transgenic mouse at embryonic day 18.5.
The tibias from wild-type (Wt) and Col2-GFP neonate mice were sectioned, and the distal portions were
examined by fluorescence microscopy. The morphelogy of the growth plate is shown at the left with
hematoxylin and eosin staining. p = proliferating layer of growth plate chondrocytes; h = Eypertrophic
layer of growth plate chondrocytes. Bar = 100 pm. B, Fluorescence of Col2-GFP ES cells treated with the
combination of §0X5, SOX6, and $SOX9 (the SOX trio). LacZ, SOX9, or the SOX trio was adenovirally
expressed in embryoid bodies (EB) of ES cells established from the Col2-GFP-transgenic mouse, and
fluorescence was evaluated on day 3 after transduction {arvowheads). The left half of each panel shows
green fluorescence protein (GFP) fluorescence; the right half shows a merging of the GFP fluorescence
image and the transmitted image. Bar = 200 um. C, Expression of the cartilage marker genes Col2zl,
Aggrecan, and Chondromodulin I by ES cells treated with LacZ, SOXS, or the SOX trio for 7 days. Levels

of mRNA expression were analyzed by real-time polymerase chain reaction.

in 10% EDTA, pH 7.4. After processing and embedding in
paraffin, 3-um sagittal sections were cut and stained with
Safranin O and fast green. Immunohistochemistry for type II
collagen was performed as previously described (32).

Animal care was in accordance with the policies of the
University of Tokyo School of Medicine.

GenBank sequences. Human gene sequences were
obtained from GenBank (accession nos. M55172 for AGGRE-
CAN, ABO006000 for CHONDROMODULIN 1, X16468 for
COL2A1, X54412 COL94l, X60382 for COLIOAI,
NM_080679 for COL1142, AJ224741 for MATRILIN 3,
ARB081389 for SOX3, AF309034 for SOX6, ZA6629 for SOX9,
NM_004348 for RUNX2, Z74615 for COLI1AI, and AF052124
for OPN).

Mouse gene sequences were also obtained from Gen-
Bank (accession nos, LO7049 for Aggrecan, NM_(10701.1 for
Chondromodulin 1, NM_031163 for Col2a21, D17511 for

Col9al, NM_009926 for Collla2, AB0O06330 for Sox3, and
V32614 for Sox6).

Image acquisition. An Axioskop 2 Plus (Carl Zeiss,
Oberkochen, Germany) microscope was used for microscopic
observation (bright and fluorescence fields at X100, X200, and
X400 magnifications). Photographs were taken with an Axio-
Cam HRc (Carl Zeiss) camera, and images were acquired with
AxioVision 3.0 software (Carl Zeiss).

RESULTS

Induction of cartilage marker gene expression in
ES cells by the SOX trio. To screen for sufficient
conditions for chondrogenesis, we needed a monitoring
system that could detect chondrocyte differentiation in
an easy, precise, and noninvasive manner. For this
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purpose, we established transgenic mice expressing the
chondrocyte-specific Col2a] promoter-GFP reporter
gene and isolated totipotent, undifferentiated ES cells
from them. Since GFP expression was specifically local-
ized to the cartilage in these mice (Figure 1A), ES cells
from these mice were expected to flucresce solely upon
chondrocyte differentiation. Using this system, we exam-
ined the effects of gain and loss of function of represen-
tative factors that are known to be important for chon-
drogenesis: SOX5, SOX6, SOX9, IGF-i, FGF-2, IHH,
BMP-2, TGFB, and Wnt proteins.

Since we intended to find factors affecting chon-
drocyte differentiation directly rather than indirectly,
the assessment of fluorescence was done within 3 days
after transduction. As a result, no single factor caused
fluorescence; hence, we screened for all possible combi-
nations of these factors. It turned out that GFP expres-
sion was observed only upon treatment with the combi-
nation of SOXS, SOX6, and SOX9 (the SOX trio)
(Figure 1B), while there was no fluorescence upon
treatment with the other combinations, including each
SOX alone, within this period (results not shown).

We then examined the expression levels of the
cartilage marker genes, which included the cartilaginous
collagens (such as Col2al, Col9al, and Collla2), carti-
laginous proteoglycans (such as Aggrecan), and other
cartilage-specific proteins that play key roles in main-
taining cartilage structures (such as Chondromodulin 1)
(33,34). Real-time PCR analysis confirmed that the
SOX trio markedly up-regulated the levels of expression
of Col2al, Aggrecan, and Chondromodulin 1 compared
with SOX9 alone or the LacZ control (Figure 1C).

Induction of chondrocytic phenotypes in human
MSCs by the SOX trio. We next examined the effect of
the SOX trio on the chondrocyte differentiation of
human MSCs. Expression of each SOX protein by
adenoviruses was confirmed by Western blot analysis
with specific antibodies (Figure 2A). To characterize
human MSCs treated with SOX proteins, we evaluated
the levels of expression of the cartilage marker genes by
real-time PCR (Figure 2B). When cultured with serum-
free DMEM in spheroids, human MSCs treated with the
LacZ virus did not express detectable levels of the
cartilage-specific collagen genes COL241, COLIAL, or
COL11A42 during 3 weeks of spheroid culture. In con-
trast, when the SOX trio was overexpressed, expression
of these genes was detected as early as 3 days after
spheroid formation. The number of copies of their
mRNA continued to rise during the 3 weeks of spheroid
culture. After 3 weeks of spheroid culture, the copy
number of COL24] mRNA from human MSCs ex-

ceeded that of COL2A1 from the tracheal cartilage and
articular cartilage,

When an individual SOX gene was transduced,
expression of COL241, COL941, and COLI1A2 was not
detected after 1 week of spheroid culture. After 2 weeks,
only human MSCs treated with SOX9 expressed low
levels of their mRNA. In contrast, AGGRECAN was
already expressed at a moderate level even in untreated
human MSCs, and its expression was substantially up-
regulated by treatment with SOX9 alone or with the
SOX trio after 2 weeks of spheroid culture. CHONDRO-
MODULIN 1 and MATRILIN 3 were also induced by
treatment with the SOX trio. The induction was first
observed after 3 days of spheroid culture, and the copy
number of their mRNA gradually increased up to 3
weeks.

We then performed histologic examinations of
human MSCs treated with LacZ or the SOX trio and
cultured in spheroids with serum-free DMEM or the
chondrogenic medium containing TGFS and BMP-2
(Figure 2C). Human MSCs treated with the SOX trio
and cultured in spheroids with serum-free DMEM pro-
duced a proteoglycan-rich extracellular matrix charac-
teristic of cartilage, which showed purple staining (meta-
chromasia) with toluidine blue as early as 1 week after
spheroid formation, whereas those treated with an indi-
vidual SOX failed to show any staining at this stage.
After 3 weeks, induction of proteoglycan-rich matrix by
the SOX trio became more prominent, At higher mag-
nification, cells in the spheroid were found to be com-
pletely surrounded by a proteoglycan-rich matrix, resem-
bling the lacunar structure of cartilage (Figure 2D).

When cultured in the chondrogenic medium,
accumulation of proteoglycan-rich matrix was acceler-
ated (Figure 2C). After 1 week, the SOX trio induced
abundant matrix production, whereas human MSCs
treated with each SOX alone showed only weak produc-
tion. After 3 weeks, although 2ll spheroids including the
LacZ control produced proteoglycan-rich matrix, human
MSCs treated with the SOX trio showed the most
abundant production. Staining with Alcian blue and
Safranin O showed similar results (results not shown).

Production of type II collagen protein was de-
tected by immunchistochemistry (Figure 2E). Human
MSCs cultured in spheroids with the chondrogenic
medium and treated with the SOX trio produced the
most abundant type II collagen protein. Human MSCs
cultured with serum-free DMEM and treated with the
SOX trio and those cultured in the chondrogenic me-
dium and treated with LacZ produced the second most
abundant type IT collagen protein. No type IT collagen
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Figure 2. Induction of chondrocytic phenotypes in buman mesenchymal stem cells (MSCs) by the SOX
trio. A, Levels of adenovirally expressed SOX protein expression by human MSCs, as detected by Western
blot analysis 5 days after transduction (expected sizes: 82 kd for SOXS, 87 kd for S0OX6, and 56 kd for
S0X9). B, Levels of mRNA expression of the cartilage marker genes COL241, COL941, COL1142,
AGGRECAN, CHONDROMODULIN 1, and MATRILIN 3 by human MSCs. Cells were treated with
LacZ, SOX5, SOX6, SOX9, or the SOX trio and cultured in spheroids with serum-free Dulbecco’s
modified Eagle’s medium (DMEM) for 3 days, 1 week, 2 weeks, or 3 weeks, and mRNA expression was
analyzed by real-time polymerase chain reaction. As positive controls, COLZ4] mRNA levels were
measured in tracheal and articular cartilage. C, Production of proteoglycan-rich matrix by human MSCs
treated with LacZ, SOXS5, SOX6, SOX9, or the SOX trio and cultured in spheroids with serum-free
DMEM (SFM) or chondrogenic medium (CGM) for 1 week or 3 weeks. Spheroid sections were stained
with toluidine blue. Proteoglycan-rich matrix stained purple (metachromasia). Bar = 100 pm. D,
Higher-magnification views of proteoglycan-rich matrix produced by human MSCs treated with LacZ or
the SOX trio and cultured in spheroids with SEM or CGM for 3 weeks, Spheroid sections were stained
with toluidine blue, Bar = 20 pm, E, Expression of type IT collagen protein by human MSCs treated with
LacZ or the SOX trio and cultured in spheroids with SFM or CGM for 3 wecks, Type II collagen protein
was detected by immunohistochemistry (brown staining). Bar = 100 pm.
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production was observed in human MSCs cultured in
spheroids with serum-free DMEM and treated with
LacZ (Figure 2E). Interestingly, the presence of the
chondrogenic medium did not cause an increase in
mRNA levels of the cartilage marker genes (data not
shown).

Induction of chondrocytic phenotypes in non-
chondrogenic human immortalized cell lines by the
S0X trio. So far, we had found that the SOX trio can
induce chondrocytic phenotypes in totipotent ES cells
and multipotent MSCs. If the SOX trio constitutes

signals sufficient for the induction of chondrogenesis,
it may induce chondrocytic phenotypes in cells already
committed to other lineages. To test this possibility,
we chose 3 human nonchondrogenic cell lines: HeLa
cells derived from the cervix, HuH-7 cells derived
from the liver (35), and HEK 293 cells derived from
the embryonic kidney (36). Since these cell lines did
not tolerate adenoviral transduction well, probably
due to rapid proliferation of adenoviruses in these
immortalized cells, we used plasmid transfection for
gene delivery,
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Figure 3. Induction of chondrocytic phenotypes in nanchondrogenic human cell lines by the SOX trio. A,
Expression of green fluorescence protein (GFP)~tagged SOX proteins in HuH-7 cells. Each of the
plasmids expressing GFP-tagged SOX genes was transicntly transfected, and their expression levels and
subcellular localization were detected s fluorescence using confocal fluorescence microscopy. Bar = 100
#m. B, Temporal mRNA expression profiles of exogenous SOXS, SOX6, and SOX9 in Huli-7, HEK, 293,
and Hela cells transiently transfected with plasmids cxpressing these GFP-tagged SOX genes. Cells were -
cultured in monalayer with Dulbecco’s medified Eagle’s medium containing 10% fetal bovine serum.
Levels of mRNA expression were analyzed by real-time polymerase chain reaction (PCR). C, Temporal
mRNA expression profiles of endogenous COL241 in HuH-7, HEE 293, and HeLa cells transfected with
plasmids expressing GFP, SOX9, or the SOX trio, Levels of mRNA expression were analyzed by real-time

PCR.

When each of the plasmids expressing GFP-
tagged SOX penes was transiently transfected into these
cells, each GFP-tagged SOX protein was well expressed
and localized in the nuclei (Figure 3A). Real-time PCR
analysis revealed that the peak expression of all SOXs
was achieved at 24-72 hours after transfection (Figure
3B). The SOX trio induced COL241 mRNA expression
within 3 days (Figure 3C). The temporal profile of
COL2A1I up-regulation correlated well with those of the
exogenous SOX genes. Similar results were obtained
with COL9AI and COLIIA2? (data not shown). It is
noteworthy that overexpression of SOX9 alone up-
regulated COL2A41 to some extent in HuH-7 cells ex-
pressing moderate levels of endogenous SOXS and
SOX6 (37), but not in HeLa cells expressing no endog-
enous SOX5 or SOX6.

Induction of chondrocytic phenotypes in adult
human DFs by the SOX trio. We further examined
whether the SOX trio could induce chondrocytic pheno-
types in well-differentiated primary mesenchymal cells
such as adult human DFs, Since adult human DFs can be
easily harvested and cultured, and grow faster than
human MSCs, they could be an alternative cell source
for cartilage tissue engineering. Adult human DFs
treated with the SOX trio were cultured in spheroids
with serum-free DMEM. The SOX trio rapidly induced
COL2A1, COLI1A2, AGGRECAN, and MATRILIN 3
within 3 days, and their levels continued to increase for
up to 3 weeks (Figure 4A), COL941 and CHONDRO-
MODULIN 1 were induced at 7 days after spheroid
formation, and their expression levels continued to rise
for up to 3 weeks as well, Unlike the human MSCs, adult
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Figure 4. Induction of chondrocytic pherniotypes in adult human dermal fibroblasts (DFs) by the SOX
trio. A, Levels of mRNA expression of the cartilage marker genes COL241, COL94I, COL1IA2,
AGGRECAN, CHONDROMODULIN 1, and MATRILIN 3 by adult human DFs. Cells were treated with
LacZ, SOXS, SOX6, SOX9, or the SOX trio and cultured in spheroids with serum-free Dulbecco’s
modified Eagle’s medium (DMEM) for 3 days, 1 week, 2 weeks, or 3 weeks, and mRNA expression was
analyzed by real-time polymerase chain reaction. B, Production of proteoglycan-rich matrix by adult
human DFs treated with LacZ, SOXS5, S0X6, SOX9, or the SOX trio and cultured in spheroids with
serum-free DMEM (SEM)) or chondrogenic medium (CGM) for 3 weeks, Proteoglycan-rich matrix stained
purple (metachromasia) with toluidine blue. C, Higher-magnification views of proteoglycan-tich matrix
produced by adult human DFs treated with LacZ or the SOX trio and cultured in spheroids with
serum-frec DMEM or chondrogenic medium for 3 weeks. Spheroid sections were stained with toluidine
blue. Bar = 20 um. D, Expression of type II collagen protein by adult human DFs treated with LacZ or
the SOX trio and cultured in spheroids with serum-free DMEM or chondrogenic medium for 3 weeks.
Type II collagen protein was detected with immunohistochemistry (brown staining). Bar = 100 pm.

human DFs showed low basal expression of the cartilage
marker genes, and treatment with SOX9 alone resulted
in very weak or no induction. We compared mRNA
expression levels of the cartilage marker genes by adult
human DFs and human MSCs that were treated with the
SOX trio and cultured in spheroids with serum-free
DMEM up to 3 weeks, and found them to be compara-
ble (data not shown).

When cultured in spheroids with serum-free
DMEM for 3 weeks, adult human DFs treated with the
SOX trio exhibited an accumulation of proteoglycan-
rich matrix, whereas those treated with LacZ or with
each SOX alone did not (Figure 4B). When cultured
with the chondrogenic medium for 3 weeks, adult human

DFs treated with the SOX trio further increased the
production of proteoglycan-rich matrix. At higher mag-
nification, cells in the spheroid were found to be sur-
rounded by proteoglycan-rich matrix, resembling the
lacunar structure of cartilage (Figure 4C). Adult human
DFs treated with SOX9 alone showed weak, focal pro-
duction of proteoglycan-rich matrix in the presence of
the chondrogenic medium, whereas those treated with
LacZ, SOXS5, or SOX6 did not (Figure 4B). Production
of type II collagen protein by adult human DFs treated
with the SOX trio and cultured with serum-free DMEM
or the chondrogenic medium was confirmed by immu-
nohistochemistry, whereas those treated with LacZ and
cultured with serum-free DMEM or the chondrogenic
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medium did not exhibit any immunoreactivity (Figure
4D). As with the human MSCs, the presence of the
chondrogenic medium did not cause an increase in
mRNA levels of the cartilage marker genes (data not
shown).

Influence of different culture systems on the
induction of chondrocytic phenotypes by the SOX trio.
We next examined the effect of different culture systems
on chondrocyte differentiation induced by the SOX trio.
Three-dimensional cell-cell interactions and the extra-
cellular matrix are known to influence the differentia-
tion potentials of many cell types. Monolayer culture has
been reported to be disadvantageous to chondrocyte
differentiation, and therefore, spheroid culture and 3-D
culture are preferable (38). If the SOX trio provides
signals sufficient for chondrogenesis, it may obviate the
need for these specific culture formats. To test this
possibility, we compared the expression levels of the
cartilage marker genes COL241, AGGRECAN, and
CHONDROMODULIN 1 by human MSCs cultured with
serum-free DMEM in monolayer, in spheroids, and in
3-D collagen. Even in monolayer culture, treatment with
the SOX trio induced high levels of the cartilage marker
genes within 1-2 weeks, and their expression levels
increased for up to 3 weeks (data not shown). Peak
expression levels of the cartilage marker genes in mono-
layer culture were comparable to those in spheroid
culture. Similar results were obtained with adult human
DFs (data not shown}.

Levels of expression of the cartilage marker
genes by human MSCs and adult human DFs treated
with the SOX trio and cultured with serum-free DMEM
in 3-D collagen cultures were much higher than those
cultured in spheroid or monolayer cultures (data not
shown), and there was substantial accumulation of
proteoglycan-rich matrix secreted into the collagen gel
(data not shown).

Induction of the expression of SOXS and SOX6 in
vitre by SOX9. Conditional ablation of Sox9 was shown
to cause a marked down-regulation of Sox5 and Sox6
mRNA expression (19), strongly suggesting that Sox9 is
necessary for the expression of Sox3 and Soxd. In our
experiments, ES cells, human MSCs, and adult human
DFs treated with SOX9 alone started to express low
levels of some cartilage marker genes after 2 weeks of
culture, suggesting the formation of the SOX trio at a
later period (Figures 2 and 4). Taken together, it is likely
that SOX9 may induce the expression of SOX3 and
SOX6, but the hypothesis has never been directly
proven, In our experiment, human MSCs treated with
SOX9 alone and cultured with serum-free DMEM in

3-D collagen for 1 week began to express SOX5 and
SOX6 mRNA, whereas those treated with LacZ and
cultured with serum-free DMEM in 3-D collagen did not
(Figure 5A). This is the first direct proof that SOX9
induces SOX5 and SOX6. We also demonstrated that
SOX5 and SOX6 did not induce each other. Similar
results were obtained with ES cells and adult human
DFs (data not shown). This induction was also seen in
monolayer or spheroid culture, but the degree of up-
regufation was smaller and took 2-3 weeks (data not
shown).

Suppression of hypertrophic and osteogenic
markers by the SOX trio. In human MSCs, mRNA for
the gene encoding the type X collagen al chain
(COL10AI), a marker for hypertrophic chondrocytes,
was up-regulated when it were cultured in the chondro-
genic medium in spheroids (39). Levels of mRNA
expression of hypertrophic and osteogenic marker
genes, such as COLIOAI, RUNX2, OPN, and COL1A41,
were markedly increased in 3-D collagen culture with
serum-free DMEM (Figure 5B). Treatment with SOX9
alone failed to suppress these genes except for COL1AI,
whereas treatment with the SOX trio suppressed all of
these genes (Figure 5B). In adult human DFs cultured in
3-D collagen with serum-free DMEM, there was no
induction of hypertrophic or osteogenic marker genes,
regardless of treatment with the SOX trio (data not
shown).

In vivo induction of cartilage-like tissue by the
SOX trio. To test whether the SOX trio could influence
cartilage formation in vivo, we directly introduced the
SOX trio genes in the subcutaneous tissue. Adenovi-
ruses expressing the SOX trio were injected into the
subcutaneous tissue lying above the tibia, and 1 week
after treatment, the mice were killed, and the tissues
were harvested and analyzed histologically and immuno-
histochemically. The viruses transduced subecutanecus
cells efficiently, as shown by the positive staining for
LacZ immunoreactivity (Figure 5C). In all 5 mice
treated with the SOX trio, chondrocyte-like cells ap-
peared in the area adjacent to the bone. These cells
stained positive for Safranin O and type II collagen
immunoreactivity (Figure 5D). In contrast, no such cells
were seen in the 5 mice that were treated with LacZ.

DISCUSSION

In our screening combinations of factors that are
known to be necessary for chondrogenesis, we found
that the SOX trio induced chondrocytic phenotypes in
totipotent ES cells within 3 days. Previous studies of
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Figure 5. Induction of Sox5 and Soxé expression by SOX9, suppression of hypertrophic and osteogenic differentiation by the SOX trio, and in vivo
induction of cartilaginous tissue by the SOX trio. A, Levels of mRNA expression of SOX3 and SOX6 in human MSCs treated with LacZ, 50OX5,
SOXS6, or SOX9 and cultured in 3-dimensional (3-D) collagen with serum-free Dulbecco’s modified Eagle's medium (OMEM) for 1, 2, or 3 weeks,
and mRNA expression levels were analyzed by real-time polymerase chain reaction (PCR). B, Levels of mRNA expression of the hypertrophic and
osteogenic markers COLIOAL, RUNX2, OSTEOPONTIN, and COLIAI by human MSCs treated with LacZ, SOX9, or the SOX trio and cultured
in 3-D collagen with serum-free DMEM for 1, 2, or 3 weeks. Levels of mRNA expression were analyred by real-time PCR. C, Adenoviruses
expressing LacZ or the SOX trio were directly injected into the subcutaneous tissue lying above the anteromedial diaphysis of the tibia (T) and the
transduction efficiency of adenoviruses was detected by immunchistochemistry for LacZ. Szctions were treated with preimmune serum (PIS) or
anti-LacZ antibody («-LacZ). LacZ protein stained brown. Bar = 100 gm. D, Production of proteoglycan-rich matrix and induction of type IT
collagen protein by the SOX trio, Sections were stained with Safranin O and fast green; cartilage (arrows) stained orange. Type II collagen protein
{arrows) was detected by immunohistochemistry (brown staining) with anti-type II collagen antibody (@-Col2). Bar = 100 pm.
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human MSCs showed that treatment with the chondro-
genic supplements TGFB, BMP-2, or both for 2-3 weeks
could induce chondrocytic phenotypes (39,40). In the
present study, the SOX trio successfully induced chon-
drocytic phenotypes in human MSCs cultured in serum-
free DMEM containing no supplements. Moreover,
human MSCs treated with the SOX trio expressed the
cartilage marker genes more rapidly and more potently
than did those treated with the conventional chondro-
genic method, and their levels of mRNA expression
induced by the SOX trio were independent of the
presence of TGFB and BMP-2. These findings raised the
possibility that the SOX trio may provide signals suffi-
cient for the induction of chondrogenesis.

We found that the SOX trio induced cartilage-
specific genes that did not belong to collagens or pro-
teoglycans: MATRILIN 3 and CHONDROMODULIN 1.
Expression of MATRILIN 3 is highly specific for carti-
lage (33). Mutations in MATRILIN 3 cause a type of
human chondrodysplasia known as multiple epiphyseal
dysplasia, which is characterized by early-onset heritable
osteoarthritis (33). Expression of CHONDROMODU-
LIN 1 is also specific for cartilage. CHONDROMODU-
LIN I stimulates chondrocyte proteoglycan synthesis
and inhibits capillary network formation (34,41). The
induction of these genes as well as cartilaginous collag-
ens and proteoglycans by the SOX trio further supports
the notion that the SOX trio may provide sufficient
signals for the induction of chondrogenesis.

A recent study revealed that in vitro chondrogen-
esis of murine bone marrow—derived MSCs was en-
hanced by the overexpression of SOX9 (42). Qur data
with humran MSCs partially support this, in that the
cartilage marker genes (COL241, COLIIA2, and AG-
GRECAN) were induced in human MSCs treated with
S0OX& alone. However, the levels of COL2471 and
COL11A2 expression were much lower than those in-
duced in human MSCs treated with the SOX trio. In
addition, COL9A1, MATRILIN 3, and CHONDRO-
MODULIN 1 were only slightly induced by treatment
with SOX9 alone. These findings suggest that SOX9
alone is not sufficient for the induction of chondrogen-
esis and further emphasizes the importance of the SOX
trio.

Although treatment with the SOX trio success-
fully induced mRNA expression of the cartilage marker
genes to a level comparable to that in normal cartilage
and induced the production of proteoglycan-rich matrix,
the addition of the chondrogenic medium containing
TGFpB and BMP-2 further increased the accumulation of

proteoglycan-rich matrix without increasing the mRNA
expression of the cartilage marker genes in both human
MSCs and adult human DFs, Thus, TGF# and BMP-2
may induce other genes that are important for matrix
accumulation, or they may be working at the posttran-
scriptional level. It is noteworthy that in adult human
DFs, the chondrogenic medium had no effect on the
production of proteoglycan-rich matrix in the absence of
treatment with the SOX trio, whereas in human MSCs,
the chondrogenic medium had some positive effect in
the absence of treatment with the SOX trio. This
difference seems to be due to some basal expression of
the SOX genes in human MSCs and underscores the
important role of the SOX trio in chondrogenesis. The
exact mechanism(s) by which TGF8 and BMP-2 in-
crease the accumulation of proteoglycan-rich matrix
needs to be further investigated and a gene array
analysis performed.

Since human MSCs consist of early mesenchymal
progenitors that are already committed to some extent,
there is a possibility that the SOX trio may merely be
expanding the existing chondroprogenitors by increasing
their proliferation or suppressing their cell death, rather
than directly inducing chondrocytic phenotypes of non-
committed cells. To rule out this possibility, the SOX
trio was introduced into cell types other than human
MSCs. The SOX trio was able to induce chondrocytic
phenotypes in ES cells, which are uncommitted and
undifferentiated, as well as in cells belonging to other
lineages, such as immortalized cell lines derived from
the kidney, liver, and cervix, The SOX trio also success-
fully induced chondrocytic phenotypes in adult human
DFs cultured with serum-free DMEM. Expression levels
of the cartilage marker genes induced by the SOX trio in
adult human DFs were comparable to those in human
MSCs induced by the SOX trio and were also indepen-
dent of treatment with the chondrogenic medium. These
findings strongly suggest that expression of the SOX trio
is indeed sufficient for the induction of chondrogenesis.

The 8OX trio induced chondrocytic phenotypes
in cells cultured in monolayer as effectively as in cells in
spheroid culture. Since the monolayer culture is usually
disadvantageous for in vitro chondrogenesis and since
primary chondrocytes cultured in monolayer quickly
lose chondrocytic phenotypes through a process known
as dedifferentiation, the conventional in vitro chondro-
genic methods invariably use spheroid culture or 3-D
culture. It is likely that spheroid culture and 3-D culture
may provide some unknown signals that are necessary
for chondrogenesis but are not present in monolayer
culture. The fact that the SOX trio obviated the use of
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spheroid culture further supports the importance of the
SOX trio in chondrogenesis. At the same time, it shows
the limitation of the SOX trio, since the results did not
fully match those obtained with the 3-D culture.

We found that the SOX trio helped to maintain
the phenotype of permanent cartilage by suppressing the
expression of the marker genes for hypertrophic and
osteogenic differentiation, which were induced with the
conventional chondrogenic method. This finding may
reflect in vivo reciprocal expression patterns of the SOX
trio and hypertrophic/osteogenic marker genes (21) and
enlargement of the hypertrophic zone in the epiphyseal
growth plate of Sox9*/~ mice (43). Although the mech-
anism of the down-regulation is not yet clear, the SOX
trio may directly inhibit hypertrophic and osteogenic
markers. Altemnatively, proteins such as chondromodu-
lin 1 induced by the SOX trio may down-regulate these
markers, In either case, inhibition of hypertrophic and
osteogenic markers by the SOX trio is compatible with
the notion that the SOX trio directly induces chondro-
cyte differentiation, and this finding is advantageous for
tissue engineering of articular, facial, and tracheal car-
tilage, which needs to remain nonhypertrophic and
nonosteogenic.

This is the first study to show that SOX9 induces
SOX3 and SOX6. When treated with SOX9, both human
MSCs and adult human DFs began to express SOX5 and
SOX6 at 1 week after transduction. This finding fits the
in vivo sequential expression patterns of SOX3, SOX6,
and SOX? and is compatible with the previously re-
ported data (19) that Sox9™%%= Pre1-Cre, and Col2al-
Cre mice lost the expression of Sox5 and Sox6 in cells
that lacked SOX9. This finding is also compatible with
our observation that overexpression of SOX9 alone
up-regulated cartilage marker genes to some extent in
HuH-7 cells expressing moderate levels of endogenous
SOX5 and SOX6, but not in HeLa cells expressing no
endogenous SOX5 or SOX6. These observations further
stress the importance of the SOX trio over individual
$OXs in the induction of chondrocytic phenotypes. The
mechanism of SOX5 and SOX6 induction by SOX9
should be further investigated by analyzing human
MSCs and adult human DFs treated with SOX9 alone.

‘When the SOX trio was adenovirally expressed in
the subcutaneous tissue, new cartilage formation was
induced. Although the adenoviruses infected most of the
cells in the injected area, the strongest induction was
observed in the area adjacent to the bone, including the
periosteum. This finding suggests that despite the strong
chondrogenic actions of the SOX trio, there are cells in
the periosteal region that are more susceptible to the
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signal. These cells may represent an enrichment of
MSCs in the perichondrium,

In conclusion, the findings of the current study
strongly suggest that the SOX trio provides signals that
are sufficient for the induction of permanent cartilage in
vitro. The potent in vitro chondrogenic system of the
SOX trio provides a new in vitro model of chondrogen-
esis, which may help us to better understand the mech-
anism of chondrogenesis and to advance cartilage regen-
erative medicine.
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