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Abstract

Within each synovial joint, the articular cartilage is uniquely adapted to bear dynamic compressive
loads and shear forces throughout the joint's range of motion. Injury and age-related degeneration
of the articular cartilage often lead to significant pain and disability, as the intrinsic repair
capability of the tissue is extremely limited. Current surgical and biological treatment options have
been unable to restore cartilage de novo. Before successful clinical cartilage restoration strategies
can be developed, a better understanding of how the cartilage forms during normal development is
essential. This review focuses on recent progress made towards addressing key questions about
articular cartilage morphogenesis, including the origin of synovial joint progenitor cells and
postnatal development and growth of the tissue. These advances have provided novel insight into
fundamental questions about the developmental biology of articular cartilage, as well as potential
cell sources that may participate in joint response to injury.
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1. Introduction

During postnatal growth, the articular cartilage undergoes a series of tremendous structural
and functional changes. While the tissue is highly cellular and isotropic at birth, unique
zones develop as the tissue matures. This unique zonal architecture allows the articular
cartilage to withstand significant shear and compressive forces throughout a joint's range of
motion (Gannon et al., 2014; Helminen et al., 2000; Mienaltowski et al., 2008). At the
surface adjacent to the joint cavity, the superficial zone is composed of elongated, flattened
cells oriented parallel to the articular surface. These superficial cells play a key role in
maintaining frictionless joint motion through production of hyaluronate, phospholipids and
Prg4/lubricin (Jay et al., 2001). The adjacent underlying intermediate/transitional zone is
made of slightly larger and rounder chondrocytes oriented more randomly and separated by
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appreciable matrix. The largest of the cartilage zones, the deep zone, consists of very large,
round chondrocytes often found aligned in vertical stacks oriented perpendicularly to the
articular surface. At the base of the articular cartilage, the subchondral junction provides
physical stability and link to underlying bone (Broom and Poole, 1982). Throughout the
articular cartilage, an abundant extracellular matrix composed primarily of collagen Il
organized in fibrils, and aggrecan organized into multimeric superstructures, provides the
tissue with its key tensile strength and elasticity.

During normal aging and in response to injury, some or all of these vital components are
often compromised. The intrinsic repair capacity of the articular cartilage is notoriously
poor, and lost cartilage is often replaced by a structurally and functionally inferior fibrous
scar tissue (Mienaltowski et al., 2009). While common surgical and biological treatment
techniques are often able to temporarily improve joint function and reduce pain, they fail to
reproduce the native characteristics of articular cartilage and are only partially effective
long-term (Huey et al., 2012). In order for more successful reparative strategies to be
developed, a better understanding of normal articular cartilage development is essential.
Interestingly, there are indications that immature articular cartilage has at least partial innate
regeneration capacity, although this ability appears to be lost with increasing age
(Calandruccio and Gilmer, 1962; Ikegawa et al., 2015; Matsuoka et al., 2015; Namba et al.,
1998). Key questions regarding the origin, fate, and role of synovial joint progenitor cells
which may contribute to repair have been recently addressed, although not yet fully
resolved. Such knowledge could be leveraged to create novel biological and
pharmacological treatments designed to exploit normal articular cartilage biology. Such
strategies have been widely used in other fields, although not yet fully realized in cartilage
repair (Nicholas and Kriegstein, 2010; Szabo et al., 2010; Zhou and Melton, 2008). This
review focuses on recent advances in knowledge of embryonic and postnatal articular
cartilage development, growth and morphogenesis, providing essential insight into not only
the developmental biology of the articular cartilage, but also into potential biomedical
strategies for repair.

2. Origin of synovial joint progenitor cells

Within the uninterrupted cartilaginous anlagen of developing limbs, the first explicit sign of
joint development is marked by the appearance of a region of flattened, condensed cells at
putative joint sites. This compact region of mesenchymal cells has been classically defined
as the interzone, and early studies found that its removal from chick embryos prevented
formation of limb joints over time (Holder, 1977). The histological appearance of the
interzone varies by developmental stage, joint location and species. Mitrovic described the
interzone in the chick as having three distinct layers, including an intermediate zone
consisting of dense, flattened cells in between layers of “chondrogenic” cells (Mitrovic,
1977). The putative mouse knee has also been described as consisting of a dense
intermediate compartment and two flanking outer compartments with more loosely arranged
cells (Hyde et al., 2007; Jenner et al., 2014). As the joint site forms, cells within the
interzone region cease expression of early cartilage markers Co/2a1 and Matn1, and may be
identified by increasingly restricted expression of Wnt4, Wnt9a, Dcx, Gdf5and Erg (Guo et
al., 2004; Hartmann and Tabin, 2001; Hyde et al., 2008; Hyde et al., 2007; Spater et al.,

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Decker

Page 3

2006; Storm et al., 1994b; lwamoto et al., 2007). Exploiting these unique gene expression
patterns, several groups have developed transgenic mouse lines to gain further insight into
the origin and eventual fate of these early cell populations. At early stages, Gdf5 mRNA is
highly expressed in regions flanking future joint sites, within the flattened intermediate
interzone, and also, although less abundantly, in the outer interzone and adjacent regions of
the cartilaginous anlagen (Storm and Kingsley, 1996). We and others have utilized
compound Gdf5¢"€:ROSA-reporter mice to investigate the lineage of early Gaf5expressing
cell populations at future joint sites (Decker et al., 2015; Dyment et al., 2015; Koyama et al.,
2008; Rountree et al., 2004). While GdfS5mRNA expression in joint tissues is highly
diminished or absent by the time of birth, Gaf5¢"é;R26R3¢Z (Gdf5C™e+) labeled cells are
found within most mouse joint tissues into maturity - including the articular cartilage,
synovial lining, meniscus and intrajoint ligaments (Fig. 1 A, C, E). This suggests that cells
with a Gadf5-expressing lineage are not transient, actively take part in joint tissue formation,
and constitute a progenitor cell cohort endowed with joint-formation capacity. After these
initial experiments, it remained unclear if the broad cell population labeled by Gdf5was
made of progenitors with multiple tissue differentiation capacity or included specific subsets
of cells with unique roles in joint development.

More recent work from several groups has addressed these key questions, and there is
increasing evidence that synovial joint tissues may arise from cell populations originally
contained within, as well as those flanking the primordial cartilaginous anlagen. Notably,
populations of cells within each of these regions display Gdf5 expression during early stages
of joint development (Koyama et al., 2007; Rountree et al., 2004). As the interzone appears
at sites previously occupied by chondrocytes, it was originally proposed that cells within the
interzone were direct descendants of de-differentiated chondrocytes (Craig et al., 1987;
Nalin et al., 1995). Using Col2a1¢"¢,R26R3Z and Matn1€"e;R26R L3 reporter mice,
Hyde and collaborators demonstrated that cells within the cartilaginous anlagen ceased
ColZal expression as the histological interzone was formed, later giving rise to portions of
the articular cartilage, cruciate ligament and inner medial meniscus of the knee (Hyde et al.,
2008; Hyde et al., 2007). Interestingly, these authors also noted that a band of chondrocytes
adjacent to, but not within, the region of flattened cells constituting the intermediate
histological interzone lacked Matn1 expression and gave rise to articular chondrocytes.
While ColZal expression ceases within the intermediate interzone as the joint forms,
expression of doublecortin (Dcx) is maintained. Studies on Dex-reporter mice found that
Dcx is initially expressed throughout the limb mesenchyme, and is maintained within the
interzone but lost in the adjacent regions of the cartilaginous anlagen (Zhang et al., 2011).
Dcx expression also overlaps that of the transcription factor Sox9, which is expressed by
osteo - and chondro- progenitors in the developing limb mesenchyme (Akiyama et al., 2005;
Zhang et al., 2011). Soeda and collaborators used Sox9-2°<"* mice as well as an inducible
Sox$TeERT2)+-R26R system to investigate stage dependent expression and lineage of Sox9+
cells (Soeda et al., 2010). Sox9-2¢Z"* expression was found in the knee interzone prior to
embryonic day 13.5 (E13.5), and was thereafter limited exclusively to the outer regions of
the interzone and flanking chondrocytes. When Sox9CTERT2/+:R26R mice were injected
with tamoxifen prior to E13.5, Sox9+ cells were found within the cruciate ligaments, and
injection after E14.5 resulted in a marked reduction of labeled cells. Thus, the authors
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concluded that cells within the intermediate region of the interzone likely give rise to the
cruciate ligaments. Hyde and collaborators (2008) also noted that at later stages during joint
formation cells without a Co/2al lineage appear to invade the joint to form the ligaments,
indicating that invading cell populations may combine with those in the original anlagen
during morphogenesis of unique joint tissues. Indeed, earlier studies had also found that Dil
labeled cells flanking the putative joint sites later migrated into developing chick joints /n
ovo (Pacifici et al., 2006). To determine if these flanking cell populations had a separate
ancestry from those within the interzone, Koyama and collaborators crossed Gaf5¢"e-R26R
LacZ gnd Indian hedgehog null (/447/7) mice (Koyama et al., 2007). In the absence of /A,
synovial joints failed to form (St-Jacques et al., 1999). Interestingly, we found that
populations of Gdf5"+ cells did form in regions flanking, but not within, prospective joint
sites and expressed joint site-associated marker genes including Ergand 7nc (Decker et al.,
2014; Koyama et al., 2007). Taken together, these data suggest that populations of joint
progenitor cells broadly labeled by Gdf5 are indeed of heterogeneous origin, consisting of
de-differentiated chondrocytes from within the cartilaginous anlagen as well as from regions
surrounding future joint sites. Further characterization of these flanking cell populations has
been provided by Li and collaborators, who identified populations of 7gfbr2-expressing
cells flanking the dorsal and ventral regions of digit joints (Li et al., 2012). Over time, these
distinct cell populations were maintained in these local niches, eventually giving rise to cells
in the groove of Ranvier, meniscal surface, synovial lining, and outer ligaments.

More recently, additional novel Cre mouse lines have been developed to investigate cell
niches within developing synovial joints. In constitutively active Gaf5“"® mice, broad
labeling of R26R-reporter cells is seen throughout multiple joint tissues (Fig. 1 A, C, E,
Koyama et al., 2008). We recently developed a novel inducible BAC transgenic Gdf5¢eERT2
mouse line, and when the mice were crossed with R26RZ5G"€€ mice, we were able to more
selectively, although less abundantly, label specific cell populations (Decker et al., 2016).
For example, when tamoxifen was administered at late embryonic time points,

Gaf5CERTZ, cell labeling was more restricted to cells within the eventual articular
cartilage. (Fig. 1 B, Decker et al., 2016). These positively labeled cells and/or their progeny
remained in the articular cartilage through at least 6 months of age (Fig. 1 D, F).

The histological interzone, as well as immediately flanking regions within the cartilaginous
anlagen, are broadly labeled by Gdf5but may have distinct destinies. Jenner and
collaborators utilized laser capture microdissection to investigate gene expression in multiple
regions of the interzone (Jenner et al., 2014). These authors found that genes associated with
joint formation were more evident in cells from the intermediate compartment of the
histological interzone, while genes associated with cartilage maturation and hypertrophy
were over-represented in outer compartment/flanking cells. They concluded that the
intermediate compartment of the histological interzone gave rise to articular cartilage, while
cells in outer compartments were destined for endochondral ossification and thus part of the
putative secondary ossification center formation. A very recent study has provided further
insight into the origin and fate of Gdf5 expressing cells surrounding the cartilaginous
anlagen, as well as within the intermediate and flanking regions of the histological interzone.
Shwartz and collaborators utilized a novel knock-in Gdf5CreER mouse line to perform a
detailed analysis of Gaf5CTER+ cell labeling and fate during various embryonic stages
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(Shwartz et al., 2016). Through this approach, they were able to uniquely label sub-
populations of cells by E18.5. These authors proposed that a continuous influx of cells
which are Gdf5 negative, Sox9positive and Col2al negative migrate into the interzone of
developing joints, where they later begin to express Gdf5. Notably, the onset, timing and
localization of Gaf5 expression may play a key role in lineage divergence to specific joint
tissues. For example, active Gdf5 expression is maintained for longer periods of time in cells
that will contribute to the meniscus and articular cartilage, but is lost early in cells that will
eventually contribute to the epiphysis. Together, these exciting studies have demonstrated
that the articular cartilage and other synovial joint tissues arise from a broad, heterogeneous
interzone progenitor cell population, which is found within the developing anlagen and is
supplemented by progenitors flanking the prospective joint sites.

3. Mechanisms Regulating Synovial Joint Formation

Although initially mesenchymal in character, joint progenitors clearly undergo time and
tissue specific phenotypic changes as the joint matures. Many recent studies have provided
insight into mechanisms regulating joint progenitor cell phenotype and gene expression over
time. While it has long been associated as a marker for developing joints, the control, and
role of, Gdf5at putative joint sites remains under investigation. Absent or aberrant Gdf5
expression results in malformations of the developing limb, including shortening of long
bones and absence of cruciate ligament development (Harada et al., 2007; Storm et al., 1994;
Shwartz et al., 2016). During early stages of limb development, Gaf5 promotes cell
adhesion, while likely increasing chondrocyte proliferation at later stages (Francis-West et
al., 1999). Kan and collaborators found that Gd'f5 expression might be at least partially
regulated by Sox11, which transitions from broad expression patterns in prechondrogenic
limb condensations to become increasingly restricted to putative joint sites as development
progresses (Kan et al., 2013). However, Bhattaram and collaborators did not observe Sox11
expression at presumptive joint sites, but did find strong expression of Sox4 (Bhattaram et
al., 2014). These authors found an increase in Gdf5 expression in Sox4™fprx1¢e and
Sox11™"prx1€re mutant mouse embryos, while Kan and collaborators found that
overexpression of Sox11 stimulated Gdf5 expression in vitro. Gao and coworkers showed
that the zinc finger transcription factors OsrZ and Osr2were not needed for onset of Gaf5,
Whit4 and Wnit9a expression in incipient limb interzones, but in their absence the expression
of those interzone genes was not sustained and was followed by fusion of limb joints over
embryonic time (Gao et al., 2011). Ablation of Wnt/g-catenin in Gaf5¢"élB-catn™Vfl mice
was previously shown to result in defective joint formation, highlighting its importance in
regulation of embryonic joint morphogenesis. At later stages, Wnt signaling is also required
to sustain the function and regulate the thickness of the joint's superficial zone (Yasuhara et
al., 2011; Yuasa et al., 2009). Searching for upstream regulators of Wrt9aexpression, Kan
and Tabin identified c-Jun as a pivotal regulator acting at the enhancer level that when
ablated, deranged both Wnt signaling and the initiation and progression of joint formation
(Kan and Tabin, 2013).

Further analysis of gene expression at putative joint sites was performed by Longobardi and
collaborators using laser capture-assisted gene arrays of tissue samples from E14.5 mouse
embryo digits. They found that joint-forming interzone cells were characterized by low
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expression of chemokines, and in particular Mcp5, compared to adjacent chondrocytes
constituting the putative growth plate regions (Longobardi et al., 2012). In absence of
TgfbrZ, limb synovial joints did not form (Seo and Serra, 2007; Spagnoli et al., 2007).
Longobardi and colleagues found that joint formation could be rescued in 7gfbr2-deficient
mouse embryos by concurrent blockade of the Mcp5 receptor CerZ2. These authors
concluded that joint formation is closely linked to, and coordinately regulated with, shaft
development and that the TgfBR/I/Mcp5 axis is an essential crossroad for this process. In
their study described above, Jenner and colleagues also performed transcriptional profiling
of specific regions within putative joints (Jenner et al., 2014). In the mouse knee, they
similarly found that genes related to inflammation and actin cytoskeletal organization were
differentially regulated in the intermediate interzone. Clearly, many distinct effectors and
molecular regulators act at the local and long-range levels and participate in the regulation of
interzone gene expression patterns, fate and function (Decker et al., 2014; 2015).

4. Postnatal Articular Cartilage Morphogenesis

At birth, the articular cartilage exists as a dense tissue consisting of small cells within scant
matrix. As described above, the tissue undergoes tremendous structural changes over
postnatal life, increasing in thickness and acquiring a distinct zonal organization. How the
articular cartilage grows and acquires its important zonal organization, and whether joint
progenitors persist postnatally and participate in tissue morphogenesis have remained long
standing questions. Early studies suggested that a region of proliferating cells “subjacent to
the gliding surface of the joint” was responsible for interstitial growth of articular cartilage
and increasing thickness of the articular surface (Mankin, 1962). In this same study, Mankin
and collaborators found that proliferation continued within deeper regions of the tissue and
adjacent to the calcified cartilage, but ceased within the sub-superficial zone at later stages
of postnatal growth. The presence of these two proliferative cell regions was confirmed by
tritiated thymidine incorporation in the articular cartilage of immature rabbits (Mankin,
1962; Mankin, 1963). Later, Archer and collaborators confirmed the presence of a
proliferative cell region in the superficial zone, suggesting that these cells were primarily
responsible for the appositional growth and thickening of the articular cartilage postnatally
(Archer et al., 1994; Hayes et al., 2001). Unlike the previous studies, however, these authors
did not find regions of proliferative cells within the deeper regions of the articular cartilage.
Later, Hunziker and collaborators identified a population of bromodeoxyuridine (BrdU)
labeled slow-cycling cells in the superficial zone, as well as more rapidly proliferating
regions of chondrocytes within the deeper zones as detected by concurrent 3H-thymidine
labeling (Hunziker et al., 2007). These authors hypothesized that lateral expansion of the
articular surface could be attributed to proliferation of cells within the superficial zone that
would also give rise to daughter cells in a more rapidly proliferating cell population in the
deeper zones leading presumably to vertical tissue growth.

Recently developed transgenic mouse models have permitted more detailed cell tracing and
tracking during postnatal development. Kozhemyakina and collaborators created a novel
inducible Prg4<"eER knock-in mouse line. The Prg4 gene encodes diverse products,
including lubricin/superficial zone protein (SZP), which is secreted by articular cartilage
surface zone cells and synovial cells and is thought to play an essential role in joint
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lubrication (Rhee et al., 2005). In contrast with the earlier studies described above, which
found proliferating cells throughout specific zones or within multiple zones, these authors
found that tamoxifen administration to Prg4<"eER mice at E17.5 resulted in R26RL3Z
labeling in only a sing/e layer of cells at the articular surface by birth (Kozhemyakina et al.,
2015). By one month of age, the labeled cells and/or their progeny were found throughout
the entire thickness of the articular cartilage, leading the authors to conclude that the early
Prg4-expressing superficial cell population served as progenitors which later gave rise to
cells throughout the entire tissue by appositional growth. The initial, selective labeling of a
single layer of cells Prg4C"eER ; R26RL°Z mice was intriguing but also perplexing, as
previous studies demonstrated that Prg4 mRNA expression characterizes the entire incipient
articular cartilage at late embryonic and neonatal stages (Iwamoto et al., 2007; Rhee et al.,
2005). Indeed, when we repeated these experiments using these now commercially available
knock-in Prg4©™eER mice, R26R-%°Z |abeled cells were found throughout the entire thickness
of the articular cartilage at birth after single tamoxifen administration at E17.5 (Decker et
al., 2016). Thus, it is plausible that the patterns of reporter activation and cell progeny
behavior observed and reported by Kozhemyakina may not accurately reflect those of
endogenous Prg4 expressing cell populations in either wild-type or Prg4CeER - p26RLacZ
mice. To mitigate concerns over haploinsufficiency in the knock-in Prg4<"eER mice, we
recently developed novel BAC transgenic Prg4“"¢ERT2 mice, which maintain both functional
copies of the Prg4 gene. After tamoxifen administration at E17.5, Prg4-eERT2 poogptd Tomato
labeled cells were found throughout the entire thickness of the articular cartilage at birth,
recapitulating endogenous Prg4 mRNA expression patterns at the stage of injection (Decker
et al., 2016). After tamoxifen administration at later stages, we found populations of
Prg4CreERTZ pogRidTomato |aheled cells were increasingly restricted to the superficial zone,
accurately reflecting changes in Prg4 mRNA over increasing postnatal age. While these
Prg4CreERTZ/ pogRidTomalo |aheling patterns did reflect endogenous gene expression patterns,
they did not permit selective labeling and tracing of unique cell populations within the
articular cartilage.

Patterns of chondrocyte proliferation during articular cartilage maturation are not well
understood. We recently utilized Prg4CreERTZ/R26RCOME mice to examine spatial
expansion of Prg4-labeled cell populations postnatally. In R26RC0 et mice, individual cells
are traced by one of four color reporters (GFP, YFP, RFP and CFP), thus permitting
simultaneous tracking of distinct cell progenies and their developmental roles. As with the
single-color R26RMTomalo renorter, Prg4<reERTZ/ Ro6RCONEH |aheled cells were found
throughout the entire thickness of the articular cartilage after tamoxifen administration at
E17.5 and collection at PO (Decker et al., 2016). Over time, we found that clusters of
uniquely-colored cells appeared to proliferate locally during postnatal growth, later aligning
to form characteristic chondrocyte “stacks” with a mosaic color pattern. These experiments
were repeated using the more broadly expressed Gaf5c' as well as ubiquitous, non-biased
ROSACTER mice, confirming that embryonically-labeled chondrocyte progenitors produced
only small non-migratory progenies and that non-daughter lineage cells produced the
vertical chondrocyte stacks, a result at variance with previous appositional models.

In the growth plate, tremendous increases in chondrocyte volume contribute greatly to
lengthening of long bones (Farnum and Wilsman, 1998). To investigate changes in articular
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chondrocyte volume during growth, we used multiphoton microscopy to evaluate
chondrocyte size within the intact articular cartilage of mice harvested at various stages of
postnatal development (Decker et al., 2016). We found that chondrocyte volume in the
middle and deep layers increased by over 8 fold from birth to 2 months of age, while overall
decreases in cell density reflecting an increase in extracellular matrix production occurred
during this same period. Strikingly, we also observed that proliferation of uniquely labeled
ROSACTER/ pogRContetti grticular chondrocytes was limited after birth. Taken together, this
suggests that, rather than being driven by proliferation and apposition of daughter cells from
the surface to the deep zone to create cell columns (Dowthwaite et al., 2004; Hunziker et al.,
2007; Kozhemyakina et al., 2015), thickening of the articular cartilage occurs primarily
through an increase in the volume of articular chondrocytes and is aided by accumulation of
extracellular matrix and formation of chondrocyte stacks. However, important questions
remain unanswered regarding the mechanisms responsible for regulation of articular
chondrocyte volume. This phenomenon has been more extensively studied in the growth
plate, where changes in volume may be attributed partially to cell swelling and largely to
intrinsic cell hypertrophy (Bush et al., 2008). Chondrocyte hypertrophy in the growth plate
is a complex, directional event, in which volume progressively increases with distancing
from the proliferating zone (Smits et al., 2004). Interestingly, the maximum size of articular
chondrocytes is only about 60% of that found in the largest chondrocytes of the growth
plate, indicating that location and function may uniquely dictate maximum chondrocyte
volume. (Decker et al., 2016; Ginzberg et al., 2015; Wilsman et al., 1996; Youn et al., 2006).
For example, articular chondrocytes are distinctively adapted to respond to inherent
biomechanical stress. Many cell types display significantly negative resting membrane
potentials, permitting rapid changes in membrane permeability in response to changes in
osmotic pressure (Lewis et al., 2011). However, articular chondrocytes have less negative
resting membrane potential, maintained by gadolinium-sensitive cation channels and
permitting response to osmotic changes induced by biomechanical forces with only minimal
changes in cell volume (Lewis et al., 2011).

Structurally, the cellular stacks of cells in mature articular cartilage likely form through
alignment and repositioning of neighboring cells. This is in contrast to the distinct columns
of chondrocytes in the growth plate, in which each individual column arises from a common
ancestor (Decker et al., 2016). At birth, collagen fibrils within the extracellular matrix of the
articular cartilage display an anisotropic distribution, later undergoing changes in deposition
and orientation to form highly organized structures in the mature tissue (Clark et al., 1997;
Hughes et al., 2005; Youn et al., 2006). It remains unclear if such changes within the
extracellular matrix directly influence chondrocyte alignment, or if additional mechanisms
may play a role. In embryonic structures, cell intercalation and convergent extension have
been shown to directly influence cell migration (Tada and Heisenberg, 2012). During
convergent extension, tissue growth and elongation occur while cells undergo very little
proliferation, as is seen in the articular cartilage (Decker et al., 2016). The planar cell
polarity pathway components Vang/?and Ror2 regulate convergent extension and alignment
of newly-formed chondrocytes along the proximo-distal axis of long bone cartilaginous rods
during early limb skeletogenesis and patterning, and may play a role in postnatal tissue
morphogenesis as well (Gao et al., 2011; Randall et al., 2012). Clearly, much work remains
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to be done in investigating mechanisms directing postnatal articular cartilage
morphogenesis.

5. Mature Articular Cartilage

The limited intrinsic repair capacity of mature articular cartilage is widely appreciated, and
major efforts have been directed towards surgical and biological restoration of the tissue in
arthritic patients (Caldwell and Wang, 2015; Johnstone et al., 2013; Mollon et al., 2013).
However, substantial challenges are posed by the low cell density and avascular and aneural
characteristics of mature articular cartilage. The limited ability of chondrocytes to proliferate
and the essentially permanent nature of the extensive collagen matrix explain the failure of
the tissue to turnover once it has reached maturity (Heinemeier et al., 2016). Several studies
have demonstrated the presence of cells with progenitor potential in adult joint tissues
(Candela et al., 2014a; Candela et al., 2014b; Dowthwaite et al., 2003; Grogan et al., 2009;
Williams et al., 2010), and there is growing interest in further characterization and
exploitation of these cell populations for repair strategies. Many key questions remain,
including the origin, fate, and role of these populations in intrinsic repair.

There is increasing evidence that embryonically-derived cell populations with a Gdf5, Dkk3,
and/or Prg4 lineage remain present in joint tissues at maturity (Decker et al 2016; Koyama et
al., 2008; Kozhemyakina et al., 2015). Sub-populations of slow-cycling cells have been
identified in several tissues, including the articular cartilage and synovium. Early studies
using tritiated thymidine demonstrated that embryonically labeled cells remained in the
articular surface long-term (Ohlsson et al., 1992). More recent studies have confirmed the
presence of cells with a progenitor or stem character in the superficial zone of adult articular
cartilage (Alsalameh et al., 2004; Candela et al., 2014a; Dowthwaite et al., 2004; Williams et
al., 2010b; Yasuhara et al., 2011). At the onset of osteoarthritis, cells in the superficial zone
show increased proliferation and rearrangement (Rolauffs et al., 2010), but it is unknown
how these cells may respond to acute injury. In the synovium, slow cycling cells expressing
characteristic mesenchymal stem cell markers undergo proliferation and chondrogenic
differentiation in response to injury (Kurth et al., 2011). Using novel cell lineage tracing
strategies, we have recently demonstrated that embryonically labeled cells with a Prg4-
expressing lineage respond massively to acute injury (Decker et al., 2016). After creation of
a focal, full-thickness chondral defect, Prg4+ cells labeled at E17.5 were found within the
defect site by 7d after injury (Fig. 2 D). EdU labeling indicated that cell proliferation within
the synovium was much greater than within the articular cartilage adjacent to the defect site,
suggesting that Prg4+cells within the synovium may play a primary role in the early injury
response. Previous studies have also suggested that the synovium may be an essential source
of cells contributing to articular cartilage injury, and our new data provide additional insight
into the lineage and character of these cells (Kurth et al., 2011; Miyamoto et al., 2007,
Rothwell, 1990). Future techniques designed to target synovium-associated Prg4 + cells or
inclusion of these cells in bioengineered constructs may provide promise for repair of
damaged articular cartilage.
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6. Conclusion

Current clinical strategies for articular cartilage repair have failed to replicate the structure
and function of innate articular cartilage. In recent years, novel genetic cell lineage tracing
techniques have provided tremendous insight into the origin and morphogenesis of the
articular cartilage during normal development, and this knowledge may be extremely useful
for developing novel biological repair strategies. Taken together, these studies have revealed
that the articular cartilage and other joint tissues have a heterogeneous origin, arising from
de-differentiated chondrocytes as well as cells surrounding the cartilaginous anlagen.
Postnatally, chondrocyte volume increase, matrix production, and realignment drive the
growth and morphogenesis of the articular cartilage into a multifaceted tissue. While we
now have a greater understanding of cell origin and fate, there is much work left to be done
to decipher the molecular mechanisms responsible for guiding these processes and to find
appropriate ways to manipulate them for therapeutic strategies.
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Gdf5Cre’- R26stGreen
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Inj. E17.5

Fig. 1.

Se%ective labeling of Gaf5-expressing cells in Gdf5CeERTZ mice. At birth,
Gdf5CTe:R26RZSGreen |abeled cells are found throughout the joint, including within the
articular cartilage (white arrow) and the putative secondary ossification center (yellow
arrowhead) (A). After tamoxifen administration at E17.5, Gaf5CTeERTZ: pogRidTomato
labeled cells are less numerous, and more restricted towards the articular cartilage (white
arrow) (B). Gaf5<"e; R26RZ5Green remain present in all joint tissues through 6 months of age,
including within the secondary ossification center (yellow arrowhead, C) as well as the
entire thickness of the articular cartilage (E). Gaf5¢"eERTZ: p26RIATomAI0 |aheled cells
remain restricted primarily to the articular cartilage (white arrows, D-F).

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Decker

Page 16

Unoperated Surgery +7d

BTl A ieh A
al R
g 1

Safranin-O/Fast Green

Prg4CreERT2; R26thTomato

Fig. 2.
Cells with a Prg4+ lineage respond to articular cartilage injury. Safranin-O/Fast green

staining of mature mouse femoral articular cartilage before (A) and 7 days (B) after creation
of a full-thickness chondral defect. After tamoxifen administration to Prg4CTeERTZ,
R26RTomato mice at 1month of age, labeled cells are found throughout several layers of the
articular cartilage (C). One week after injury, cells within the defect site (dotted line) are
Prg4+, indicating that cells with a Prg4-expressing lineage participate in the acute injury
response (D).
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