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Abstract

Avrticular cartilage is classified into permanent hyaline cartilage and has significant differences in
structure, extracelluar matrix components, gene expression profile, and mechanical property from
transient hyaline cartilage found in growth plate. In the process of synovial joint development,
articular cartilage is originated from the interzone, developing at the edge of the cartilaginous
anlagen, it establishes zonal structure over time and supports smooth movement of the synovial
joint through life. The cascade actions of key regulators such as Wnts, GDF5, Erg, and PTHLH
coordinate sequential steps of articular cartilage formation. Articular chondrocytes are restrictedly
controlled not to differentiate into a hypertrophic stage by autocrine and paracrine factors and
extracerllular matrix microenvironment, but retain potential to undergo hypertrophy. The basal
calcified zone of articular cartilage is connected with subchondral bone, but not invaded by blood
vessels nor replaced by bone, which is highly contrasted with the growth plate. Articular cartilage
has limited regenerative capacity, but likely possesses and potentially uses intrinsic stem cell
source in the superficial layer, Ranvier’s groove, the intra-articular tissues such as synovium and
fat pad, and marrow below the subchondral bone. Considering the biological views on articular
cartilage, several important points are raised for regeneration of articular cartilage. We should
evaluate the nature of regenerated cartilage as permanent hyaline cartilage and not just hyaline
cartilage. We should study how a hypertrophic phenotype of transplanted cells can be lastingly
suppressed in regenerating tissue. Further, we should develop the methods and reagents to activate
recruitment of intrinsic stem/progenitor cells into the damaged site.
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INTRODUCTION

Avrticular cartilage has very limited reparative capacity. Once articular cartilage is damaged,
full recovery of its structure, function and biomechanical property is hardly expected in most
cases, and the damaged articular cartilage can proceed toward degeneration. Because
articular cartilage contributes to smooth movement of synovial joints through its low friction
and high resistance to compressive force, dysfunction of articular cartilage greatly disturbs
motion of the limbs and trunk and may cause pain leading to a decrease in quality of life.
Restoration of articular cartilage function often relies on joint replacement by surgery
(arthroplasty). Such surgical treatment has risks for complications and side effects, and gives
a big economic burden to society. Thus stimulation of articular cartilage repair and
regeneration of articular cartilage are strong demands.

Current approaches for articular cartilage regeneration that include drug treatment, cell-
based therapies -autologous chondrocyte implantation (ACI) and ACI with biomaterials
(MACI)-, osteo-articular autografts and surgical marrow stimulation of intrinsic repair
potential show appreciable outcomes in traumatic injury for patients of young ages
(Mastbergen et al., 2013; Minas, 2012; Schindler, 2011), especially when the lesion is
limited in size and severity. Next generation of cell-based therapy is to use stem cells instead
of chondrocytes (Oldershaw, 2012; Tuan et al., 2013). The stem cell sources can be adult
mesenchymal stem cells isolated from bone marrow, fat, synovium and periosteal and
perichondrium membranes, embryonic stem cells and possibly iPS cells. The preclinical and
clinical trials using adult mesenchymal stem cells have demonstrated encouraging results
although more cases and long-term observation are required for reaching a conclusion about
the efficacy (Pastides et al., 2013). Much effort will be continued to evolve surgical
procedures and devices, to explore cell sources and tissue engineering materials for cell-
based therapies, and to improve imaging techniques for observation of affected and repaired
lesions.

However, there are piles of problems unsolved at this moment. Regenerated cartilage often
undergoes degeneration and reorganization into fibrocartilaginous tissue and may eventually
disappear, leading to delamination and exposure of subchondral bone (Niemeyer et al.,
2008). Complete integration of regenerated cartilage with existing cartilage and subchondral
bone is difficult (Hollander et al., 2010). The extensive defects in size and depth are
incurable. Furthermore, repair of articular cartilage is expected to be poor in the elderly
unlike younger generations. To solve these problems, we face a fundamental problem that
regenerative therapy of articular cartilage requires induction of permanent hyaline cartilage.
Avrticular cartilage, together with growth plate cartilage in long bones and vertebrates, is
hyaline cartilage (Hall, 2005). The former is permanent cartilage that maintains its function
throughout life while the later is transient cartilage that transitionally exists serving skeletal
templates in the process of endochondral ossification. If the inductive cartilage represents
transient cartilage characteristics, chondrocytes undergo hypertrophy and may eventually be
replaced by bone. Thus we must have a deep understanding of the nature and function of
articular cartilage and how it is specified and regulated as permanent hyaline cartilage. In
this review, we will review how articular cartilage is distinct from transient growth plate
cartilage, how articular cartilage develops and matures its structure, which cells can support
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self-renewal and repair, and how articular chondrocyte phenotype is specified and
maintained. Through summarizing previous findings and considering their significance, we
will seek biological ideas toward regeneration of articular cartilage.

How Is Articular Cartilage Different from the Growth Plate?

Avrticular cartilage is rich in extracellular matrix and is distributed as solitary chondrocytes
or chondrocytes that make up small colonies consisting of a few cells while the growth plate
contains more cellular components and has a columnar structure of chondrocytes which
shape, alignment and size dramatically change toward the chondroosseous border. Gross
appearance of articular cartilage as well as resting zone of epiphyseal cartilage or costal
cartilage is whitish and opaque while the growth plate cartilage containing proliferating,
prehypertrophic and hypertrophic zones is much more translucent (Williams et al., 2010).
Considering the histological view that articular cartilage has less cellular components, the
opaqueness of articular cartilage may reflect less water content compared to the growth
plate. Previous studies have reported that articular cartilage contains a larger amount of
collagenous proteins and a higher level of collagen cross-link than the growth plate
(Wardale and Duance, 1994). Such differences likely lead to a difference in the
biomechanical property of the two types of cartilage. Cohen et al. (Cohen et al., 1998) have
reported that the growth plate and the chondroepiphysis consisting of the resting zone of
cartilage show significant differences in both elastic module and permeability coefficients:
the growth plate is half as stiff as the chondroepiphysis and twice as permeable. Thus it is
indicated that permanent hyaline cartilage and transient hyaline cartilage have differences in
mechanical property as well as longevity: the former is more stiff and more resistant to
compressive force while the latter is more fragile and short lived. We should not only focus
on long-term existence of regenerated cartilaginous tissue but also their mechanical
properties, such as compressive strength, shear strength, tensile strength and coefficient of
friction. It is important to investigate how histological and biochemical characteristics of
regenerated cartilage relate with their mechanical properties. Utilization of atomic force
microscopy (AFM) (Leijten et al., 2012; Plodinec et al., 2010; Wen et al., 2012) and near
infrared (NIR) spectroscopy (Afara et al., 2012) would enhance such studies.

The microarray analysis results have revealed that articular chondrocytes have a distinct
profile of gene expression from that of growth plate chondrocytes (Hissnauer et al., 2010;
Leijten et al., 2012). The genes expressed in articular cartilage at higher levels include PRG4
(proteoglycan 4), TNC (tenascin C), GREM1 (Gremlin 1), DKK1 (Dickkopf 1), FRZB
(Frizzled-related protein 3), ABI3BP (Abl interactor family member), THBA
(Thrombospondin-4) and S X1 (sine-oculis-related homeobox transcription factor), while the
genes expressed at much lower levels are hypertrophy related genes such as ALPL (tissue-
nonspecific alkaline phosphatase), COL10A1 (collagen 10al) and PTH1R (PTH/PTHLH
receptor). Furthermore, Yamane et al. (Yamane et al., 2007) have reported a list of the genes
that are differentially expressed in articular cartilage surface comparing to resting zone
chondrocytes of growth plate. Expression of articular cartilage-specific/dominant genes
could be used as a hallmark for articular cartilage regeneration.
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How does Articular Cartilage Develop?

Avrticular cartilage development is tightly synchronized with the development of other
synovial joint structures. There are still many issues that remain unclear in understanding the
entire mechanisms by which the synovial joint, including articular cartilage, is originated,
organized, and maintained. However, the accumulation of findings over the decades from
the histological analyses and cell tracing and cell transplantation experiments provide a clear
outline of the mode of synovial joint development (Archer et al., 2003; Khan et al., 2007;
Pacifici et al., 2006). Synovial joint formation generally starts with the appearance of a
specific population of mesenchymal cells, called interzone cells, at the future joint site
between two cartilaginous skeletal elements (Archer et al., 2003; Khan et al., 2007). The
interzone cells are characterized by their histological view, a mass packed with elongated
cells sandwiched by cartilaginous anlagen and their gene expression profile that is up-
regulation of unique molecules such as Wnt-9a, GDF-5, Erg, Gli-3, CD-44, collagen 2A and
collagen 1 (lwamoto et al., 2007; Koyama et al., 2008; Pacifici et al., 2006). Cavitation then
occurs within the interzone (Archer et al., 2003; Ito and Kida, 2000) while the joint capsule,
consisting of the outer ligaments and the inner synovial membrane, develops connecting the
two cartilaginous elements (Merida-Velasco et al., 1997). Our previous studies have shown
that synovial joint components including articular cartilage are originated from the
interzone. In this study, we generated the compound transgenic mice of Gdf5-Cre (Rountree
et al., 2004) with RosaR26R-lacZ reporter mice and monitored the resulting lacZ-positive
cells at successive prenatal and postnatal stages (Koyama et al., 2008). The lacZ-positive
cells first constituted the entire interzone at early stages, gave rise to the articular cartilage
and synovial capsule at later stages but were absent in flanking the secondary ossification
center and the growth plate at every stage examined (Koyama et al., 2008), indicating that
the interzone is one origin of articular cartilage as well as other synovial joint components.
Hyde et al. (Hyde et al., 2007) have demonstrated results consistent with our findings by the
cell lineage tracing experiments using the transgenic mice that encode Cre-recombinase in
the Matrillin 1 allele in RosaR26R-LacZ background. The LacZ-positive chondrocytes
appear in the growth plate, but not in articular cartilage in these mice, leading to the
conclusion that articular chondrocytes and the remainder of the chondrocytes in the cartilage
anlagen are derived from different cell sources.

Acrticular cartilage development progresses simultaneously with the formation of the
secondary ossification center. In the beginning of the formation of the secondary ossification
center, the canals are invaginated from the perichondrium and generate small ossification
nuclei on the edge of cartilage entities (Blumer et al., 2008; Blumer et al., 2007). The
chondrocytes at this site increase their cell size with reduction of gene expression of
collagen 2B and aggrecan and up-regulation of expression of hypertrophic markers such as
collagen 10, and start expressing various matrix degradation enzymes (Davoli et al., 2001).
Finally this region is turned into a bone marrow cavity with supply of osteoprogenitors and
blood vessels from the canals (Blumer et al., 2008). In contrast, the cells at the edge/
periphery of the cartilage anlagen participate in formation of articular cartilage and exhibit a
unique profile of gene expression, histology, function and mechanical property as described
in the previous section. The developing articular cartilage contains 3—4 layers that show a
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distinct cell shape and size (Figure 1A). The cell size increases toward the bottom facing the
secondary ossification center and the bottom hypertrophic cells are calcified and invaded by
the vascular system (Hunziker et al., 2007) (Figure 1A, up down arrow). The articular
cartilage matures over time and rearranges its structure, including becoming lined by
subchondral bone (Figure 1B). The mature articular cartilage constitutes zonal organization
that are divided into the superficial layer, the transition or mid layer, the deep or radial layer
and the calcified layer in order from the surface of articular cartilage (Figure 1B) (Becerra et
al., 2010; Las Heras et al., 2012; Poole, 2003).

We can point out several important thoughts from the previous studies on articular cartilage
development. First, the superficial layer would be a key for appositional growth of articular
cartilage. This layer has been demonstrated to contain stem/progenitor cells that have slow-
cell cycle (Hayes et al., 2001; Hunziker et al., 2007; Ohlsson et al., 1992) and express stem
cell markers (Dowthwaite et al., 2004; Hattori et al., 2007) while the cells in the transitional
layer as well as the upper radial zone show a rapid proliferating activity (Hunziker et al.,
2007). Thus it is suggested that the superficial layer is a pool of stem cells and supports
longitudinal and lateral growth of articular cartilage.

Second, articular chondrocytes are rigorously controlled not to differentiate into a
hypertrophic stage by autocrine and paracrine factors and extracerllular matrix
microenvironment. These regulatory factors include PTHrp, TGF superfamily, Indian
hedgehog, FGFs and Wnts. Dysregulation of their signaling pathways causes abnormal
articular cartilage development (Chen et al., 2008; Kobayashi et al., 2005; Koyama et al.,
2008; Rountree et al., 2004; Storm and Kingsley, 1999; Wang et al., 2001; Yuasa et al.,
2009) and also leads to degenerative changes in articular cartilage in animal models (Macica
etal., 2011; Maeda et al., 2007; Masuya et al., 2007; Rountree et al., 2004; Serra et al.,
1997; Zhu et al., 2008). Various growth factors including transforming growth factor
B(TGFB) superfamily, fibroblast growth factor (FGF) family and insuline-like growth factor
(IGF) family proteins have been tested as a drug for articular cartilage repair in animal
studies (Chubinskaya et al., 2007; Ellman et al., 2013; Oldershaw, 2012; Tuan et al., 2013).
Further, TGFp1-expressing chondrocytes, recombinant human FGF18 and osteogenic
protein-1 (OP-1) proteins have been tested for osteoarthritis or cartilage repair in phase | or
Il trials. These growth factors have been selected mostly based on their anabolic actions on
cultured chondrocytes or explants of articular cartilage, but just as importantly, their anti-
maturation activites should be examined.

When articular chondrocytes are liberated from the matrix and maintained in culture, they
start to display a hypertrophic phenotype such as an increase in alkaline phosphatase activity
(Fig. 2). Furthermore, chodrocytes isolated from other permanent cartilages, such as the
free-end of costal cartilage of 4-weeks old rabbit and lower tip of sternum cartilage (xiphoid
process) of chick, also expressed maturation markers in culture (Castagnola et al., 1987;
Iwamoto et al., 1989), These findings indicate that chondrocytes in permanent cartilage,
including articular chondrocytes, retain the potential to proceed toward hypertrophy and that
its potential is negatively regulated under the control of the microenvironment that is
established and maintained by a fine balance of extracellular matrix components and
structure, contents, and activities of various signaling factors (Becerra et al., 2010;
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Enomoto-lwamoto et al., 2001; Pitsillides and Beier, 2011; Poole, 2003). Ectopic
hypertrophy of articular chondrocytes is found together with up-regulation of cartilage
matrix metabolism in osteoarthritic cartilage (Pitsillides and Beier, 2011; Shlopov et al.,
1997; van der Kraan and van den Berg, 2012; von der Mark et al., 1992), indicating that
hypertrophic phenotype is associated with and would be caused by an abnormal increase in
matrix turn-over in articular cartilage. Expression of a hypertrophic phenotype can also
happen when the articular chondrocytes are expanded in vitro for AIC or after the
mesenchymal stem cells are stimulated to have a chondrogenic phenotype for cell-based
articular regenerative therapies. Even though the cultured cells do not exhibit a hypertrophic
phenotype at transplantation, possibly under control of exogenous factors, the transplanted
cells would start expressing such phenotype after release from the restraint.

Third, the articular cartilage has the calcified zone at the bottom, but this zone is protected
from transition to bone. This is highly contrasted with the calcified hypertrophic zone of the
growth plate. The calcified zone of articular cartilage does not contact the vascular system,
but faces the subchondral bone while the bottom of the calcified zone of the growth plate is
invaded by blood vessels and osteoclasts, connecting to the primary spongiosa. Stempel et
al. (Stempel et al., 2011) have shown that expression of anti- and pro-angiogenic molecules
and osteoclast formation differ between the calcified zone of articular cartilage and the
chondro-osseous junction of the growth plate. Recent studies have indicated that changes in
the boundary between articular cartilage and subchondral bone, such as sclerosis and
remodeling of subchondral bone, neovascularization and activation of osteoclast formation/
activity are critical in pathogenesis and treatment of osteoarthritis (Burr and Gallant, 2012;
Lories and Luyten, 2011). Thus there must be a unique mechanism that controls stability/
longevity of the calcified zone of articular cartilage and subchondral bone. The knowledge
on its regulatory mechanism is very little at this moment, but is required for regeneration of
articular cartilage to generate proper integration with the subchondral bone.

Which Factors Control Articular Chondrocyte Phenotype?

Although molecular mechanisms of articular cartilage formation remain unclear, previous
studies have identified several key molecules essential for articular cartilage formation.
Figure 3 summarizes the interaction of these key factors in regulation of articular
chondrocyte phenotype. Several Wnt family members such as Wnt-9a, -4, and -16 are
expressed in a presumptive joint forming region (Guo et al., 2004). Ectopic expression of
Whnt9a or activation of its canonical signaling pathway (Wnt/p-catenin signaling pathway)
induces ectopic joint-like structure and expression of joint/articular cartilage markers
including GDF5 (Guo et al., 2004; Hartmann and Tabin, 2001; Tamamura et al., 2005).
GDF5 is expressed in joint forming regions and induces downstream targets including Erg
(lwamoto et al., 2007) and thought to play an essential role in regulating the organization of
articular cartilage and joint morphogenesis because GDF5 stimulates chondrogenesis in
vitro and loss of function or dominant negative mutation of GDF5 results in joint fusion
and/or degeneration of articular cartilage (Masuya et al., 2007). We have previously
generated the transgenic mice harboring Erg under the control of Col2al protmoter/
enahancer and demonstrated that overexpression of Erg makes growth plate chondrocytes to
express articular cartilage markers such as tenascin C (TNC) and suppresses their maturation
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simultaneously (Iwamoto et al., 2007). In these mice mice, the epiphyseal cartilage consisted
of homogenous chondrocytes in size and shape and did not exhibit typical growth plate
structure (Fig. 4B). The long bone elements have bony tissue in the metaphysis, but the
junction between epiphyseal cartilage and bone does not have blood vessel invasion and the
epiphyseal catilage just connects to bone (Fig. 4). This histological feature is very different
from that normally seen in the chondro-osseous junction and rather resembles the interaction
of articular cartilage and subchondral bone (Fig. 1 and 4). It is indicated that Erg may have
an ability to make epiphyseal cartilage to form an articular cartilage-like structure. Our
recent study suggests that Erg directly stimulates PTHLH gene transcription through the
conserved ets binding sites in the proximal promoter of PTHLH (Okabe et al., 2011).
Because expression of PTHLH in articular cartilage requires Indian hedgehog (Ihh)-derived
signaling from diaphysis, Erg may enhance Ihh-mediated PTHLH gene expression in
articular chondrocytes and its anti-maturation activity could be partially mediated by
PTHLH. Runt-related transcription factor 2 (Runx2) is a potent stimulator of chondrocyte
maturation (Enomoto et al., 2000; Enomoto-Iwamoto et al., 2001) and negatively regulates
GDF5 expression (Ueta et al., 2001). Runx2-deficieny in cartilage causes inhibition of
chondrocyte hypertrophy and endochondral ossification, and also induces up-regulation of
tenascin C (Ueta et al., 2001). The actions of Erg and PTHLH surpass pro-maturation
activity of Runx2 in chondrocytes (Iwamoto et al., 2003).

Sox9 is a key transcription factor for chondrogenesis. It associates with enhancer elements
of major cartilage matrix genes such as Col2, Col9, Col11 and aggrecan and activates gene
expressions (Lefebvre and Smits, 2005). It is also necessary for chondrocyte survival
(Ikegami et al., 2011). In the growth plate, sox9 expression decreases with chondrocytes
hypertrophy. In the late stage osteoarthritis, cartilage matrix synthesis and sox9 are both
decreased (Haag et al., 2008). Continuous expression of Sox 9 suppresses chondrocyte
hypertrophy while deletion of sox9 in chondrocytes causes precautious endochondral
ossification (Kim et al., 2011). Further, forced-expression of Sox-5, -6 and -9 together
induces chondrogenic differentiation of mesencymal stem cells and these cells do not
undergo hypertrophy, indicating that these transcription factors refrain the cells from
undergoing hypertrophy (lkeda et al., 2004). It is important to investigate whether the
induced chondrocytes are permanent or transient cells before hypertrophy.

The cascade actions of these and other key regulators coordinates sequential steps of
articular cartilage formation synchronized with synovial joint development (Fig. 3). Further
studies will indentify more soluble factors, transcription factors and cofactors regulating
articular cartilage formation and expression of articular chondrocyte phenotype, and also
uncover how they mutually interact and harmonize to support sophisticated biological
process of articular cartilage formation.

Possible Resident Stem/Progenitor Cells that can Participate in

Regeneration of Articular Cartilage

Which cells are responsible for articular cartilage renewal and how can these cells be
utilized to stimulate articular cartilage regeneration? In this section we discuss the intrinsic
cells that can possibly participate in regeneration of articular cartilage. Utilization of
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extrinsic cells such as adult mesenchymal cells, embryonic stem cells or iPS cells have been
intensively studied in combination with various scaffold materials and growth factors. These
topics have been discussed elsewhere(Freyria and Mallein-Gerin, 2012; Liu et al., 2012;
Mastbergen et al., 2013; Noth et al., 2008; Oldershaw, 2012).

Superficial Layer Cells

The importance of the superficial layer for maintenance of articular cartilage has already
been noted based on histopathological, biomechanical and biochemical findings that the
superficial layer has unique structure, composition, and mechanical property and decreases
in depth over time and that osteoarthritic change starts with loss of the superficial layer and
the lamina splendens, an acellular film covering the articular cartilage surface (Chan et al.,
2010; Crockett et al., 2006; Korhonen et al., 2002; Noth et al., 2008; Silver et al., 2001). The
cell labeling studies with tritium thymidine or bromodeoxyuridine have been performed in
the developing synovial joints in animals such as rats, opossums and rabbits (Hayes et al.,
2001; Hunziker et al., 2007; Ohlsson et al., 1992). The results have revealed that the
superficial layer contains the cells labeled with these thymidine derivatives over a long
period, indicating that this layer contains the pool of cells with a very slow rate of
proliferation, a characteristic of stem cells. Recent studies have provided further functional
evidence for the presence of stem cells in the superficial layer of articular cartilage. These
studies have demonstrated that the cells isolated from the superficial layer of postnatal
bovine articular cartilage have progenitor characteristics including high colony formation
capacity and expression of mesenchymal stem cell markers and can acquire and express a
chondrogenic phenotype over passage number (Dowthwaite et al., 2004; Hattori et al.,
2007). Furthermore, presence of stem/progenitors cells in the superficial layer has been
demonstrated in human articular cartilage (Muinos-Lopez et al., 2012; Tallheden et al.,
2006). In spite of these accumulative findings, we still do not know if this layer supports
articular cartilage renewal or can provide the cells for repair of articular cartilage.

Which signaling molecules control survival, proliferation and differentiation of stem/
progenitor cells in the superficial layer? TGFBsignaling is one of the candidates. The
superficial layer cells express TGFps, TGFB1,2 and 3 (Hayes et al., 2001), their receptors,
and regulatory proteins (Yamane et al., 2007). Furthermore, the mechanical forces produced
by joint motion mediate activation of the latent form of TGFf1 in synovial fluid (Albro et
al., 2012) and the active TGFB1 can be trapped in the superficial layer (Albro et al., 2013).
TGFps strongly enhance synthesis of proteoglycan 4 proteins (also called superficial zone
proteins or lubricin) and stimulate expression of cartilage matrix such as aggrecan and
collagen 2B in the superficial layer cells in micromass culture (Dowthwaite et al., 2004;
Hattori et al., 2007). The superficial cell cultures used in these studies represent stem/
progenitor characteristics (Dowthwaite et al., 2004; Hattori et al., 2007). Thus TGFfs would
play a role as a stimulator of differentiation of the stem/progenitor cells into articular
chondrocytes. Embree et al. (Embree et al., 2010) have demonstrated that biglycan and
fibromodulin double knock out mice exhibited temporomandibular joint osteoarthritis and
that deficiency of these extracellular matrix molecules enhances the response to TGFB1 in
condyle chondrocytes. Interestingly, this mutant exhibits an increase in the articular zone of
condyle cartilage at the early stage, but stronger osteoarthritic phenotype with aging. The
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authors explained the mouse phenotype by reasoning that overactive TGFB1 induces
abnormal and accelerated chondrogenesis and excess of matrix turnover. Over-activation of
TGFp1 signaling might also accelerate chondrogenic differentiation of stem/progenitor cells
in condyle articular cartilage and induce depletion of this cell population. Wnt/p-catenin
signaling would maintain stem/progenitor cells in superficial layer, preventing from
chondrogenic differentiation. We have previously found that acute activation of Wnt/p-
catenin signaling increases thickness of the superficial layer (Fig. 5), while conditional
ablation of b-catenin causes the opposite (Yasuhara et al., 2011; Yuasa et al., 2009).
Treatment of Wnt3a maintained expression of Prg4 and Erg in the superficial layer cells in
culture, while ablation of f-catenin strongly impaired proliferation and expression of these
genes in the cultured cells and stimulates chondrogenesis in the transplants (Yasuhara et al.,
2011). These findings have indicated that Wnt/B-catenin signaling is a key regulator of
proliferation and differentiation of the superficial cells and may be important for articular
cartilage long-term function.

Other Intrinsic Cell Sources

The cell labeling studies have demonstrated that the ossification groove of Ranvier, a
wedge-shaped groove adjacent to the growth plate, would be a pool of stem cells. Karlsson
et al (Karlsson et al., 2009) have examined localization of the labeled cells with
bromodeoxyuridine (BrdU) in the knee joint of 3-month-old rabbits that had been exposed to
the BrdU for 12 consecutive days. They have found that BrdU-labeled cells are present in
the groove of Ranvier up to 56 days after initiation of the BrdU administration. Together
with the finding that this region shows immunoreactivity of the antibodies against several
progenitor cell markers, they conclude that the groove of Ranvier has the poperies of a stem
cell niche and that the groove of Ranvier would directly or indirectly support renewal of
articular cartilage.

The intra-articular tissues such as synovium and infrapatellar fat pad have been
demonstrated to contain mesenchymal stem cells in humans (De Bari et al., 2001.; Dragoo et
al., 2003; Wickham et al., 2003) as well as in animals (Buckley et al., 2010; Futami et al.,
2012; Jones et al., 2008; Koga et al., 2008; Yoshimura et al., 2007)and that these cells have
some distinct phenotype and superiority to express a chondrogenic phenotype compared to
the mesenchymal stem cells derived from other tissues such as bone marrow and muscles
(Futami et al., 2012; Segawa et al., 2009; Yoshimura et al., 2007). Contribution of these
cells to renew and repair articular cartilage has yet to be investigated further. Mesenchymal
stem cells have also been found in synovial fluid in the normal knee joint and their number
increase in the affected knee joints (Jones et al., 2008; Morito et al., 2008), indicating that
these cells potentially participate in articular cartilage homeostasis or repair. The source of
these mesenchymal stem cells may be synovium or infrapattelar fat pad on the basis of the
findings that their nature resembles that of the mesenchymal cells isolated from these tissues
(Futami et al., 2012; Segawa et al., 2009; Yoshimura et al., 2007) and that slow-cycle cells
in the synovium rapidly and strongly respond to the joint injury (Kurth et al., 2011).

Recent studies have shown that the bone marrow cavity underneath the subchondral bone
would provide mesenchymal stromal cells to damaged articular cartilage and support its
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repair (Johnson et al., 2012; Koelling et al., 2009). This cell source has been accounted for
stimulation of intrinsic repair by marrow stimulation (Schindler, 2011). In addition, articular
cartilage by itself may contain more mesenchymal progenitor cells than we expected. Pretzel
et al. (Pretzel et al., 2011) have shown that normal and osteoarthritic articular cartilage
contain fairy high number of mesenchymal progenitor cells (CD105+/CD166+) in the radial
zone and that the cell population containing CD166-positive cells has strong chondrogenic
potential, suggesting that these cells can be utilized for its regeneration. The technique of
autologous chondrocyte implantation (ACI) (Mastbergen et al., 2013; Schindler, 2011) could
rely on chondrogenic differentiation of such cell population as well as proliferation of
articular chondrocytes.

Perspective

One of clear directions of articular cartilage regenerative therapy is to pursuit construction of
regenerative tissue that closely mimics the zonal structure and histology and biochemical
components of the original articular cartilage. This will provide recovery of synovial joint
function since the regenerative tissue is expected to have similar nature and function of the
original articular cartilage. We now have the methods to induce chondrogenic phenotype in
mesenchymal stem cells and to expand chondrocytes in vitro. However, when such
engineered cells are transplanted into the damaged site, they do not reconstruct articular
cartilage-like structures in terms of the cell-matrix ratio, histological feature and longevity.
We should examine which changes occur after the transplantation and find the method and
factor(s) that trigger a cascade of the signaling activation in the transplanted cells that leads
sequential steps of articular cartilage formation that mimic its developmental stages.
Continuous investigation on development of articular cartilage and synovial joint may
uncover novel factors that we could use for this purpose.

At this moment, our practical goal is to generate the biological or artificial tissue that has the
similar mechanical property to the natural articular cartilage. From the point of view of
biological methods, we should carefully analyze quality and quantity of the extracellular
matrix synthesized by the cells after the transplantation. The transplanted cells should
produce cartilage collagens and proteoglycan at a proper ratio and proper rate. Half-life of
articular cartilage matrix proteins, especially collagens is very long (over 20 years),
indicating that low anabolic and catabolic activities of matrix proteins. An increase in matrix
synthesis and intense accumulation of the synthesized matrix surrounding the cells is early
characteristic of osteoarthritis. Given these findings, we assume that the matrix synthesis
rate of the transplanted cells should be controlled not to be high, rather than low, which
would lead the synthesized matrix scatteredly distributed and interstitial growth of the
regenerated tissue. A high rate of matrix synthesis may results in a high rate of matrix
degradation. Furthermore, the transplanted cells should be protected from the external
invasion and provide optimal microenvironment: covering the transplanted cells with natural
or artificial materials would be effects; hypoxia or mimicking of hypoxia state such as
expression of HIF1-a would be also alternative. Alternative idea is to make the tissue that
has similar mechanical property but is not necessary to have nature of histological and
biochemical contents. For revival of low friction property, induction of proteoglycan 4
(superficial zone protein or lubricin) or hyaluronic acid in the regenerated cartilage must be
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the first choice. We could also resort the adjacent tissues such as synovium and existing
articular cartilage as the source since they are secreted proteins and can be accumulated into
the regenerated tissue. TGFf superfamily proteins strongly stimulate production of
proteoglycan 4 in synovial fibroblasts, superficial layer cells of articular cartilage and
mesenchymal stem cells (Neu et al., 2007). Interestingly alternative spliced variants of
proteoglycan 4 are synthesized in response to load bearing (Andrades et al., 2012). Although
functional difference among the variant has not been clarified yet, we should consider
induction of an appropriate isoform of paroteoglycan 4.

Seamless integrity of the regenerated cartilage with the neighboring tissues is essential to
complete articular cartilage regeneration. The matrix turn over of the surrounding cartilage
is slow and therefore integration of newly made articular cartilage will take long time. How
can we facilitate tissue integration? One possibility is to use biocompatible and adhesive
scaffold (Benders et al., 2013; Tuan et al., 2013). The material is also expected to penetrate
surrounding tissue, support chondrogenesis and recruit progenitor cells into it. Candidates of
such materials have been developed and will be further improved In addition we should
probably consider the way to activate chondrocytes at the donor site. Fibrillar collagen in
articular cartilage is heavily cross-linked by lysyl oxidase mediated reaction (Eyre et al.,
1984) and non-enzymatic glycation (Jandeleit-Dahm et al., 2005). While cross-link of
matrix increases tissue stiffness, it could probably disturb integration of regenerated
cartilage to the surrounding tissue. Variety of cross-link breakers and inhibitors has been
developed and some are under clinical trial for other pathology (Susic et al., 2004; Vasan et
al., 2001). These drugs might be useful for effective induction of the integration.

Although still limited number of works has been done, joint distraction seems effectively
facilitate cartilage regeneration by itself or in combination with a bone marrow stimulation
(Deie et al., 2007; Mastbergen et al., 2013). Installation of current joint distraction devices
requires surgery. Those devices are often extensive in size and hamper patient's daily life
during treatment. Smaller and less invasive devices are hopefully developed soon (Kamei et
al. 2013). Regeneration of the perfect articular cartilage may still be a dream. With the
knowledge obtained so far and ongoing efforts, the goal is, however, much closer than we
thought before.
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Figure 1.
Comparison of histology between developing and mature articular cartilage. The

longitudinal section of tibial plateau prepared from 3-weeks old (A) or 3-months old (B)
C57BL6 mouse were stained with hematoxylin and eosin. A, The developing articular
cartilage show vascular invasion at the bottom (arrow). B, The mature articular cartilage has
superficial, tangential, radial and calcified layers, and subchondral bone lies below the
calcified zone.
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Figure 2.

Hypertrophic phenotype is induced in articular chondrocytes over time. Articular
chondrocytes were isolated from femoral and tibial articular cartilage of 4-weeks old New
Zealand rabbits and cultured at high density (25,000 cells/cm?2) on the collagen-coated dish.
Ten days after the plating, the cells were detached with trypsin/collagenase digestion and re-
plated under the same condition. The passage was repeated three times (P1-P3). Primary
(P0) and P1-P3 passaged cultures were subjected to measurement of alkaline phosphatase
(APase) activity on Day 2, 5 and 10. The articular chondrocytes did not show APase activity
in PO and P1 cultures, increased it in P2 cultures and strongly induced in P3 cultures.
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Induction and interplay of soluble and transcription factors in articular cartilage formation.
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Figure4.
Growth-plate of wild type and transgenic mouse that expresses human Erg under the control

of Col2al promoter/enhancer. Humeruses obtained from E18.5 wild type (A) and transgenic
mice (B and C) were subjected to histological analysis. A and B are HE staining sections. C
is a Von Kossa staining to detect calcified tissue.

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2014 July 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny Vd-HIN

1duosnuey Joyiny vd-HIN

lwamoto et al.

Page 22

Figure5.
Transient activation of Wnt/p-catenin signaling increases the depth of superficial layer of

articular cartilage.

Transgenic mice (CA-B-catER) that harbor a constitutive-active form of -catenin fused to a
modified estrogen receptor ligand-binding domain (CA-B-catER) to promoter/enhancer
sequences from the Collagen 11a2 gene were generated. Two-week-old CA-B-catER
transgenic mice (B) and their wild-type littermates (A) received seven daily peritoneal
injections of tamoxifen (200 pg/20 pl/mouse) and were sacrificed at 5 weeks. Longitudinal
sections of proximal tibial articular cartilage were stained with hematoxyline and eosin. The
superficial layer was thickened in the mutant (B, double arrowed line) compared to that of
the wild type mouse (A, arrow).
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