Klaus von der Mark and Xin Zhou

Abstract

The cell fate of hypertrophic growth plate chondrocytes at the chondro-osseous
junction has been a subject of discussion for several decades: On the one hand,
there is ample evidence for programmed cell death by apoptosis or other
mechanisms in the lower hypertrophic zone; on the other hand, several studies
have indicated that some hypertrophic chondrocytes may not be “terminally
differentiated” but are able to further differentiate into osteoblasts. Recent
lineage tracing studies from four laboratories using genetic markers have now
unequivocally demonstrated that a progeny of growth plate chondrocytes is able
to give rise to osteoblasts which contribute substantially to trabecular, endosteal,
and cortical bone formation during fetal and postnatal long bone development.
This shows that not all “terminally” differentiated cells at the chondro-osseous
junction are eliminated by programmed cell death but have the option to survive
and enter the osteogenic lineage. The ability of chondrocytes to transdifferentiate
into bone cells was also confirmed in bone injury healing experiments which
demonstrated that the majority of newly formed osteoblasts were derived from
chondrocytes of the fracture callus. The molecular mechanism of chondrocyte
reprogramming into the osteogenic lineage, however, remains to be elucidated. A
detailed analysis of the lower hypertrophic growth plate zone by confocal micros-
copy revealed small, 4-6 pm reporter gene-positive cells, i.e., hypertrophic chon-
drocyte-derived cells, which were mitotically active and differentiated to
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osteoblasts in vitro. They seem to be derived from hypertrophic chondrocytes by
condensation, possibly through autophagy, and may represent intermediate
stemlike cells that have the option to enter the osteogenic or other bone marrow
cell lineages.

5.1 Introduction

The skeletal body plans of all vertebrates are laid out as cartilaginous models, but
only in few species such as sharks or rays the skeleton remains cartilaginous
throughout lifetime. In most vertebrates, the cartilage models of long bones, ribs,
and vertebrae are subsequently replaced by bone during fetal and postnatal develop-
ment, while only specialized cartilaginous tissues such as articular cartilage and
nasal or tracheal cartilage persist in the adult (Hall 1987, 2005). Cartilage replace-
ment by bone occurs in a dynamic and highly complex process called endochondral
ossification, which is one of the most intriguing puzzles in vertebrate development
with important implications on our understanding of bone fracture healing, skeletal
dysplasias, and degenerative joint diseases (for reviews, see Poole (1991), Mackie
et al. (2008), and Ballock and O’Keefe (2003)).

The cartilaginous elements of the vertebrate appendicular skeleton develop by
condensation of limb mesenchyme. In the limb bud, hyaline chondrocytes in the
center of the blastema proliferate and undergo a series of distinct differentiation
steps to proliferating, prehypertrophic, and hypertrophic chondrocytes. The zone of
mature hypertrophic cartilage in the diaphysis of long bones is then invaded by
vascular sprouts from the perichondrium, resorbed by osteoclasts, and filled with
bone marrow and trabecular bone, forming the primary ossification center (POC). A
sheath of cortical bone develops around the diaphysis by endesmal ossification,
while trabecular bone is formed in the POC by osteoprogenitor cells which invade
with endothelial cells from the perichondrium or — as we will see below — are
derived from hypertrophic chondrocytes. Both perichondrium-derived and chondro-
cyte-derived osteoprogenitor cells deposit osteoid on the surface of remaining carti-
lage spicules which after mineralization provide the bone trabeculae of the primary
spongiosa (Olsen et al. 2000; Karsenty et al. 2009). At both the distal and proximal
sides of the primary ossification center (POC), growth plates develop in which the
process of chondrocyte maturation and replacement by bone proceeds toward both
epiphyses (for reviews, see Ballock and O’Keefe (2003), Mackie et al. (2008),
Provot and Schipani (2005), Poole (1991), Amizuka et al. (2012), and Tsang et al.
(2014)).

Pace and extent of skeletal growth are tightly controlled by multiple, coordinated
mechanisms regulating proliferation, differentiation, and maturation of chondro-
cytes and osteoblasts. The role and the cell fate of hypertrophic chondrocytes at the
cartilage-bone marrow interface, also called chondro-osseous junction, in endo-
chondral ossification are complex and controversially discussed. According to com-
mon view, late hypertrophic chondrocytes are eliminated by programmed cell death
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during the cartilage resorption process (for reviews, see Gibson (1998) and Shapiro
et al. (2005)). On the other hand, numerous morphological and experimental studies
going back almost a century have indicated that hypertrophic chondrocytes may be
able to convert into osteoblast-like, bone-forming cells in vitro and in vivo (Yang
et al. 2014a, b; Park et al. 2015; Zhou et al. 2014). The relevance of these studies
has, however, not been widely accepted. Recently, however, four independent lin-
eage tracing studies in transgenic mice have provided conclusive evidence by using
genetic recombination in chondrocytes that hypertrophic growth plate chondrocytes
can survive and give rise to a progeny of osteoblasts which contribute substantially
to trabecular, endosteal, and cortical bone formation. Furthermore, in two of these
studies, it was shown that also in regenerating bone tissue after experimental bone
fracture callus formation, the majority of osteoblasts are derived from chondrocytes
(Zhou et al. 2014; Yang et al. 2014b). These findings challenge current textbook
views on the origin of trabecular, endosteal, and cortical osteoblasts constituting
endochondral bone and on the cell fate of hypertrophic growth plate chondrocytes.
The new data indicates that hypertrophic chondrocytes have the option to undergo
programmed cell death or to survive by reentering the cell cycle and undergoing
reprogramming into osteoprogenitor cells and other bone marrow cells.

In this chapter, the authors will present new concepts of the cell fate of hypertro-
phic growth plate chondrocytes in light of the new genetic lineage tracing studies
and discuss the relevance of the results with respect to our understanding of the
origin of osteoblasts not only in development but also in bone repair, chondrodys-
plasias, and degenerative joint diseases. Overall, previous and recent findings indi-
cate that programmed cell death and reprogramming of hypertrophic chondrocytes
to osteoblasts are not mutually exclusive cell fates, but two options which are both
realized at the chondro-osseous junction, although the mechanism regulating entry
into these different pathways is still open. At this point, the authors would like to
refer the detailed descriptions of the developing growth plate and the regulation of
differentiation and maturation of chondrocytes in Chaps. 4, 8, and 10 in this
volume.

5.2  Chondrocyte and Osteoblast Differentiation
in the Growth Plate

5.2.1 Chondrocyte Differentiation

In the growth plate, the chondrocytes in the resting, proliferating, prehypertrophic,
hypertrophic, and late (“terminal”) hypertrophic zone have each specific roles in
endochondral ossification: In the “resting” zone — or better called reserve zone —
chondrocytes proliferate and expand to shape the epiphysis which is later also ossi-
fied by the secondary ossification center. In the proliferating zone, chondrocytes
divide most rapidly and align into vertical columns of flattened, lens-shaped cells
which finally differentiate into prehypertrophic and hypertrophic chondrocytes.
Proliferating and hypertrophic chondrocytes are primarily responsible for the
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longitudinal growth of long bones, as cells increase not only in number but also in
their volume up to 20-fold, and deposit substantial amounts of extracellular carti-
lage matrix (for review, see Ballock and O’Keefe (2003), Provot and Schipani
(2005), Mackie et al. (2008), and Chap. 4). Maturation into hypertrophic chondro-
cytes is also characterized by the development of a granular cell surface and protru-
sion of numerous microvilli which release matrix vesicles that serve as nuclei of
cartilage mineralization (Anderson 1985; Wuthier 1988).

Maturation of proliferating to hypertrophic chondrocytes is associated with fun-
damental matrix remodeling (summarized in Ortega et al. (2004)): The hyaline car-
tilage matrix which is composed predominantly of aggrecan and collagens II, VI,
IX, and XI, deposited by resting and proliferating chondrocytes, is substituted by a
calcifying matrix which contains type X collagen, a network forming collagen syn-
thesized only by hypertrophic chondrocytes (Schmid and Conrad 1982; Gibson
et al. 1984), as well as alkaline phosphatase (AP), osteopontin, bone sialoprotein
(BSP), osteocalcin, and proteoglycans (Ballock and O'Keefe 2003; Cancedda et al.
1995; Mackie et al. 2008). In their late stage of differentiation, hypertrophic chon-
drocytes secrete MMP13 (collagenase 3), a matrix metalloproteinase which breaks
up the matrix of calcified cartilage in preparation for the resorption by osteoclasts
(Stickens et al. 2004; Inada et al. 2004; Johansson et al. 1997), and the vascular
endothelial growth factor (VEGF) A, which induces capillary invasion and bone
marrow formation (Gerber et al. 1999; Zelzer et al. 2004). The remarkable similar-
ity of the gene expression pattern of hypertrophic chondrocytes to that of osteo-
blasts which includes AP, osteopontin, bone sialoprotein, and osteocalcin
(Gerstenfeld and Shapiro 1996) strongly supports the concept of a continuous chon-
drocyte-to-osteoblast lineage.

Growth and differentiation of chondrocytes in the growth plate are regulated in a
complex, synergistic manner by growth factors, hormones, developmental growth
factors, and their receptors (for reviews, see, Goldring et al. (2006), Cancedda et al.
(2000), Lefebvre and Smits (2005), Kronenberg (2003), and Nishimura et al.
(2012)). Most important for growth and proliferation are insulin-like growth factors
(IGFs) and thyroxin, growth factors of the fibroblast growth factor (FGF), and bone
morphogenetic proteins (BMPs). The critical step of chondrocyte maturation into
hypertrophic chondrocytes is also under the control of the regulatory cycle of para-
thyroid hormone-related protein (PTHrP) and Indian hedgehog (IHH) (see Chap. 8
and reviews by Lanske and Kronenberg (1998), Kronenberg (2006), and Vortkamp
(2000)), while various WNT factors regulate chondrogenic and osteogenic
differentiation in the growth plate through canonical and noncanonical pathways
(see Chap. 10 and reviews by Day and Yang (2008) and Hartmann (2007)).

5.2.2 Osteoblast Differentiation

Concomitant with the maturation of chondrocytes in the mid diaphysis into hyper-
trophic cells, osteoprogenitor cells in the perichondrium surrounding the diaphysis
differentiate into osteoblasts which produce the calcified cortical bone sheath
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consisting of type I collagen as major organic constituent, as well as osteocalcin,
bone sialoprotein, osteopontin, matrix GLA protein, alkaline phosphatase, proteo-
glycans, and other bone constituents (for reviews, see Olsen et al. (2000), Karsenty
et al. (2009), and Reddi (1981)). Differentiation of osteoprogenitor cells to osteo-
blasts is strongly enhanced by factors of the TGFB/BMP family, in particular by
BMP-3, BMP-7, and TGF81, and by vitamin D (1,25(OH),D;), PTH/PTHTP, gluco-
corticoids, prostaglandin E2, IGF-I, and IGF-II (Aubin et al. 1995; Karsenty et al.
2009; Lian et al. 2006; Komori 2006). Osteoblasts are characterized by an epitheli-
oid cell shape and cell polarity, directing secretion of bone matrix components to
the basal surface facing the bone matrix, and by the development of long cell protru-
sions (canaliculi) into the bone matrix which are essential for intercellular commu-
nication, mechanotransduction, and exchange of metabolites. When epithelioid
osteoblasts are embedded into bone matrix, they differentiate into postmitotic osteo-
cytes which terminate bone matrix production, acquire stellate cell shape, and
develop numerous canaliculi (Komori 2013). During longitudinal bone growth in
the fetus, further osteoprogenitor cells are self-renewing in Ranvier’s groove
(Langenskiold 1998) and migrate along the periosteum to produce further cortical
bone; some migrate into the bone marrow with onset of capillary invasion though
the cortical bone sheath along with endothelial cells (Colnot et al. 2004; Maes et al.
2010). In the primary spongiosa, they differentiate into osteoblasts on the surface of
remaining, unresorbed calcified cartilage spicules and form bone trabeculae by
deposition of osteoid, the organic part of the bone matrix, which consists of type I
collagen and other bone matrix proteins. Recent evidence strongly indicates that
further osteoblasts in the primary spongiosa are generated by transdifferentiation of
hypertrophic chondrocytes (see below).

5.3  Sox9,Runx2, and Osterix as Key Transcription Factors
Regulating Chondrogenic and Osteogenic
Differentiation

A continued chondrocyte-to-osteoblast lineage during endochondral ossification
becomes plausible when considering the common origin of limb chondrocytes and
osteoblasts from Sox9 expressing chondro-osteoprogenitor cells in the limb mesen-
chyme (Akiyama et al. 2005). Continued Sox9 expression promotes chondrogenic
differentiation and maintains the chondrogenic phenotype, whereas RUNX2 and
osterix (Osx) drive the progenitor cells into the osteogenic lineage (for reviews, see
de Crombrugghe et al. (2001), Lefebvre and Smits (2005), Tsang et al. (2014),
Karsenty et al. (2009), Komori (2010), and Lefebvre et al. (2001)). Spatial and tem-
poral aspects of chondrogenic versus osteogenic differentiation in skeletal develop-
ment are primarily controlled by Wnt/B-catenin signals (Hartmann 2007; Day and
Yang 2008) (see also Chap. 10).

SOXO9 is a transcription factor of the SRY family which is essential for sex deter-
mination and development of cartilage and neural tissues (Lefebvre and de
Crombrugghe 1998; Bi et al. 1999; Tsang et al. 2014). The existence of
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Sox9-positive chondro-osteoprogenitor cells in the undifferentiated limb mesen-
chyme was demonstrated by inactivation of Sox9 before mesenchymal condensa-
tion under the control of the prx promoter, which abolished not only cartilage
formation but also endochondral bone formation (Akiyama et al. 2002). Sox9 con-
trols all steps of chondrocyte differentiation until chondrocytes reach hypertrophy
(Leung et al. 2011; Lefebvre and de Crombrugghe 1998). Together with the related
Sox5 and Sox6 transcription factors, SOX9 activates the expression of cartilage
matrix genes Col2al, Col9al, Colll, Agcl (the gene of aggrecan) and others
(Lefebvre et al. 1997; Lefebvre and Smits 2005; Ng et al. 1997). In the growing
limb, Sox9 is expressed in resting, proliferating, and early hypertrophic cartilage,
but interestingly, it is absent from late hypertrophic chondrocytes (Zhao et al. 1997;
Hattori et al. 2010). The complete loss of SOX9 from the late hypertrophic zone is
noticeable in light of the enhanced expression of osteogenic genes in this zone,
including Runx2, osterix (Osx), osteopontin (Sppl), and bone sialoprotein (BSP),
and compatible with the concept of a conversion of hypertrophic chondrocytes into
osteoblasts.

RUNX2 (cbfal, Osf2) is a transcription factor of the runt family which is essen-
tial for osteogenic differentiation and bone development (Ducy et al. 1999; Karsenty
et al. 1999; Komori 2008). It activates the expression of osteoblast-typical genes
such as osteocalcin (Bglap), type I collagen (collal and colla2), Bsp, Sppl, and
Runx2 itself by binding to OSE2 consensus sequences in their promoters (Komori
2010; Ducy et al. 1996, 1997). Inactivation of Runx2 gene allows the development
of the cartilaginous anlagen of the skeleton but blocks completely both endesmal
and endochondral ossification (Ducy et al. 1997; Komori et al. 1997; Otto et al.
1997). RUNX2 also activates expression of Osx (SP7), a zinc finger transcription
factor which also acts as master gene of osteogenic differentiation (Nakashima et al.
2002).

Interestingly, although both Runx2 and Osx are primarily essential for osteo-
genic differentiation, they are also involved in the regulation of chondrocyte matu-
ration and endochondral ossification. Both Runx2 and Osx are expressed in
prehypertrophic chondrocytes (Takeda et al. 2001; Nakashima et al. 2002; Hattori
et al. 2010), and Runx2 promotes expression of type X collagen and maturation to
hypertrophic chondrocytes (Kim et al. 1999; Wang et al. 2004; Stricker et al. 2002).
As a consequence, Runx2-deficient mice lack hypertrophic chondrocytes in growth
plates (Komori et al. 1997). Furthermore, Runx2 induces the expression of Vegfa
chondrocytes of late hypertrophic cartilage, which is required for capillary invasion
into hypertrophic cartilage (Carlevaro et al. 2000; Gerber et al. 1999; Zelzer et al.
2001), and Mmp13 (Hess et al. 2001; Jimenez et al. 1999; Porte et al. 1999; Inada
et al. 2004), which loosens up the matrix of hypertrophic cartilage in order to allow
invasion of bone marrow sprouts (Inada et al. 2004; Johansson et al. 1997). Thus,
while early stages of chondrocyte differentiation are strictly controlled by Sox9,
with onset of Runx2 and Osx expression in prehypertrophic chondrocytes, the cell
fate of growth plate chondrocytes seems to be successively directed into an osteo-
genic lineage as heralded by cellular hypertrophy, matrix calcification, and onset of
osteogenic gene expression.
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5.4 The Cell Fate of Hypertrophic Chondrocytes
5.4.1 Programmed Cell Death

Morphological studies dating back more than a century ago have reported on altera-
tions in hypertrophic growth plate chondrocytes of different species which pointed
to cellular degeneration and death (Brachet 1893; Fell 1825; Ham 1952). Also in
more recent ultrastructural studies, degenerative changes in growth plate chondro-
cytes were interpreted as signs of programmed cell death reminiscent of apoptosis
(Farnum and Wilsman 1989a; Gibson et al. 1995; Gibson 1998; Bronckers et al.
1996; Aizawa et al. 1997; Zenmyo et al. 1996; Roach et al. 2004; Roach 1997).
Apoptosis, the most common form of programmed cell death, is an evolutionary
conserved process that serves to eliminate unwanted or superfluous cells during
normal tissue development and regeneration of organs and tissues in almost all spe-
cies (for reviews, see Jacobson et al. (1997) and Fuchs and Steller (2011)). The term
apoptosis was coined first by Kerr et al. (1972) in an ultrastructural study where they
defined a series of distinct morphological changes in cells dying under physiologi-
cal conditions. In contrast to cell necrosis in which cells swell and become ruptured
in response to stress or tissue injury, during apoptosis, cells retain membrane integ-
rity but shrink by genetically controlled intracellular degradation of organelles, pro-
teins, and DNA, leaving condensed nuclei. The dead cells or cell fragments are
rapidly phagocytosed and therefore are visible mostly inside macrophages or other
phagocytic cells. Apoptosis is primarily an intrinsic, cell-autonomous process but
can be also induced by extrinsic signals, e.g., by phosphate (Mansfield et al. 2001)
and NO (Teixeira et al. 2001).

Extensive studies on the cellular and molecular changes in nematodes, flies, and
vertebrae led to the discovery of reliable molecular tools suitable to characterize
stages of apoptotic cell death, in addition to ultrastructural criteria. Intracellular
degradation involves a cascade of caspases, a group of proteases detected originally
in C. elegans (Ellis and Horvitz 1986). Today, the immunohistological identification
of caspase 3 and of cleaved caspase 7 is commonly used to detect apoptotic cells in
tissues, besides the detection of DNA fragmentation using the DNA nick end label-
ing method (TUNEL method) (Gavrieli et al. 1992; Hatori et al. 1995).

Reports on programmed cell death of hypertrophic chondrocytes were partially
divergent, with respect to type, stage, and extent of cell death (for reviews, see
Gibson (1998), Shapiro et al. (2005), and Tsang et al. (2014)). For example, Gibson
et al. (1995) demonstrated by light microscopy condensation of chondrocytes in
resorbing chick sterna at the interface with the invading bone marrow, and electron
microscopy demonstrated a range of morphological alterations including retraction
from the pericellular matrix, cytoplasmic and nuclear condensation, and vesicula-
tion, suggestive of sequential steps of apoptosis. Similarly, Farnum and Wilsman
(1987, 1989b) described condensed hypertrophic chondrocytes in the lower lacunae
adjacent to the cartilage—bone marrow interface in Yucatan swine and suggested
that these cells might be dying by apoptosis. They reported that only about 12 % of
the lowest hypertrophic chondrocytes revealed condensed morphology, whereas in
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the chick sterna, more than 50 % of hypertrophic chondrocytes at the interface with
invading bone marrow showed signs of apoptosis owing to the more intensive vas-
cular invasion of chick cartilage (Gibson et al. 1995).

Evidence for apoptotic death of hypertrophic chondrocytes was also supported
by the detection of DNA breaks using the TUNEL method (Hatori et al. 1995;
Aizawa et al. 1997; Ohyama et al. 1997; Gibson 1998), but again with diverging
results. For example, Hatori et al. (1995) reported that only 9 % of chondrocytes
isolated from the hypertrophic region chick growth plate at the vascular interface
showed fragmented DNA, whereas other studies suggested that DNA fragmentation
occurred earlier in differentiation and was much more extensive (Aizawa et al.
1997), with up to 44 % TUNEL-positive cells in the hypertrophic and 15 % in the
proliferative zone (Ohyama et al. 1997).

5.4.2 Regulation and Induction of Apoptosis

Several in vitro studies indicate that programmed cell death of hypertrophic chon-
drocytes in the growth plate is activated by microenvironmental factors (Shapiro
et al. 2005). For example, Mansfield et al. (2001, 2003) have shown that inorganic
phosphate (Pi) and Ca?* which are released during resorption of hydroxyapatite of
the calcified cartilage during endochondral ossification are able to induce apoptotic
cell death of chick chondrocytes in vitro. Texeira et al. (2001) provided evidence
that this process is mediated by nitrogen oxide (NO) since Pi induced a threefold
increase in NO concentration, which can kill chondrocytes in vitro; it may activate
cell death by causing loss of thiol in the growth plate (Teixeira et al. 2003) and loss
of mitochondrial membrane potential (Teixeira et al. 2001).

Important factors controlling survival and differentiation of growth plate chon-
drocytes are the hypoxia-induced factors HIF1a and HIF2« (Schipani et al. 2001).
HIF factors are essential for chondrocyte survival in the growth plate by activating
energy generation through anaerobic glycolysis. They are enhanced under the
hypoxic conditions in the center of the hypertrophic zone, but an increase under the
oxygen levels at the cartilage erosion zone due to capillary invasion may render
hypertrophic chondrocytes to become sensitive to apoptogens (reviewed in Shapiro
et al. (2005) and Toledo-Pereyra et al. (2004)).

5.4.3 Paralysis and Chondroptosis, Dark and Light Cell Death

In most tissues, apoptotic cells are normally phagocytosed by macrophages or other
adjacent cells, whereas growth plate chondrocytes (with the exception of terminally
differentiated chondrocytes in opened lacunae and the chondro-osseous junction)
are surrounded by extracellular cartilage matrix and cannot be phagocytosed. Owing
to the distinct lack of typical apoptotic morphological changes in the terminal
hypertrophic chondrocytes, some authors concluded that chondrocyte death in the
growth plate does not follow the classical mechanism of apoptosis (Farnum and



5 Cell Fate of Growth Plate Chondrocytes in Endochondral Ossification 123

Wilsman 1989a; Roach and Clarke 2000; Carames et al. 2010). Instead, the pres-
ence of autophagic vacuoles and the expression of autophagy-regulating genes by
growth plate chondrocytes suggest that these cells undergo processes more similar
to autophagy than apoptosis (Roach and Clarke 1999, 2000; Shapiro et al. 2005;
Staines et al. 2013). Roach et al. (1995, 1997) defined special forms of chondrocyte
cell death such as paralysis (Roach and Clarke 1999) or chondroptosis (Roach et al.
2004). In an electron microscopic study using an improved fixation technique with
ruthenium hexamine trichloride (RHT; Hunziker et al. 1983), Roach and Clarke
(2000) distinguished between two forms of cell death in the chick growth plate, one
leading to “dark” condensed chondrocytes containing a convoluted nucleus with
patchy chromatin condensations and dark cytoplasm with excessive amounts of
endoplasmic reticulum. Other cells defined as “light” hypertrophic chondrocytes
showed inconsistent chromatin condensation and varying nuclear appearance from
pale to uniformly condensed, with progressively disintegrating cytoplasm and
organelles, while cell membranes and nuclear membranes were largely preserved.
These findings were confirmed in a study on fetal horse growth plates by Ahmed
et al. (2007) who distinguished “dark™ cell death, marked by a condensed nucleus
with progressively convoluted nuclear membranes and cytoplasm fragmented into
membrane-bound apoptotic bodies, whereas in “light” cell death, the nucleus was
condensed into irregular patches with a convoluted nuclear membrane.

In conclusion, all experimental evidence available supports the notion that hyper-
trophic chondrocytes undergo some form of programmed cell death at the cartilage
erosion front which may be different from the classical apoptotic cell death. But the
studies show diverging results with respect to the rate of cell death, morphology,
and extent of cellular changes in the growth plate; some of the observed morpho-
logical alterations may be indicative of autophagy which may lead to cell death, but
in other cases to cell shrinkage, to cell survival, and to reprogramming into a prog-
eny of osteogenic or other stemlike cells with future functions in the primary ossifi-
cation center.

5.4.4 Evidence for Transdifferentiation of Chondrocytes
to Osteoblasts

5.4.4.1 Hypertrophic Chondrocytes Proliferate and Are
Metabolically Active

There is ample evidence that hypertrophic chondrocytes have the ability to prolifer-
ate, although slowly, and are metabolically active, expressing distinct sets of genes
including CollOal, Opn, ALP, PTHrP, IHH, Osx, Runx2 HIFla, FGFR3, LOX4,
and others in the upper hypertrophic zone and Mmp13, Vegfa, Rankl, BMP6, and
Col10al in the lower hypertrophic zone (see Chap. 8). Also ultrastructural studies
are indicative of a high metabolic activity of chondrocytes even in the lower hyper-
trophic zone (Holtrop 1972; Hunziker et al. 1984; Farnum and Wilsman 1993). The
proliferation rate, however, declines with increasing hypertrophy, and the general
view is that the late hypertrophic chondrocytes located in the lower growth plate
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adjacent to the cartilage erosion zone have left the cell cycle (Farnum and Wilsman
1993). They were therefore defined as “terminally” differentiated, although there is
experimental evidence that some of these cells are still mitotic. For example, Crelin
and Koch (1967) showed that hypertrophic chondrocytes in the mouse pubic bone
cartilage incorporated *H-thymidine. Evidence that hypertrophic chondrocytes may
resume proliferation was also obtained by BrdU labeling of hypertrophic chondro-
cytes in the chick growth plate (Galotto et al. 1994).

5.4.4.2 Previous Evidence for Chondrocyte-to-Osteoblast
Transformation

In their thymidine labeling experiment, Crelin and Koch (1967) observed that not
only chondrocytes but also chondroclasts, osteoblasts, and osteocytes had incorpo-
rated *H-thymidine and thus concluded that hypertrophic chondrocytes of the calci-
fied cartilage may transform into chondroclasts and bone-forming cells. A number
of further cell and organ culture experiments have supported the concept of a con-
tinuous chondrocyte-to-osteoblast transition in the growth plate, indicating that
hypertrophic chondrocytes are not terminally differentiated (Fell 1825; Holtrop
1972; Bentley and Greer 1970; Kahn and Simmons 1977). For example, Thesingh
et al. (1991) described organ cultures of fetal mouse bones that were stripped of
periosteum and observed that the chondrocytes differentiated to hypertrophic cells
and further converted into osteoblasts when the bones were cocultured with brain
tissue. The potency of hypertrophic chondrocytes to convert into bone-forming cells
was also demonstrated in chondrocyte cell cultures: Human chondrocytes changed
their gene expression pattern from collagens II and X to collagen I within 4 weeks
in the presence of ascorbate (Kirsch et al. 1992). Similarly, chondrocytes isolated
from chick cartilage differentiated to hypertrophic cells in suspension culture in the
presence of ascorbate and retinoic acid and changed rapidly after transfer to anchor-
age-dependent culture conditions into calcifying, osteoblast-like cells expressing
collagen I and ovotransferrin, a peculiarity of chick chondrocytes (Gentili et al.
1993; Descalzi-Cancedda et al. 1992).

Strong morphological evidence for direct transdifferentiation of hypertrophic
chondrocytes to osteoblasts was presented by Roach et al. (Roach 1992; Roach
et al. 1995; Roach and Erenpreisa 1996) who demonstrated the appearance of
osteoblast-like cells in intact lacunae of hypertrophic cartilage of 14-day chick
femora several days after setting a cut through the hypertrophic zone. The cells
within the lacunae stained positive for alkaline phosphatase, osteonectin, osteo-
pontin, and type I collagen, and many hypertrophic chondrocytes were still
mitotic as shown by tritiated thymidine incorporation. No osteogenic markers
were observed in hypertrophic lacunae of uncut femurs; therefore, the authors
suggested that the transdifferentiation to osteoblast-like cells was initiated by
disruptions of the cell-cell associations (Roach and Erenpreisa 1996).
Interestingly, the change from chondrogenic to osteogenic commitment was
associated with an asymmetric cell division with diverging fates of the two
daughter cells, with one daughter cell remaining viable and the other one dying
(Roach et al. 1995).
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Despite these and other experimental studies on the cell fate of hypertrophic
chondrocytes, the notion of a continuous chondrocyte-to-osteoblast lineage was
never fully accepted, either because of unsettled questions concerning the exclusion
of contaminating osteoprogenitor or stem cells in the cell or organ culture systems
or because of experimentally induced nonphysiological modulations of the micro-
environment of hypertrophic chondrocytes. Furthermore, many of the relevant stud-
ies were performed with chick chondrocytes or chick organs which show a higher
plasticity of the phenotype and different responses to growth factors and hormones.
Therefore, the question remained open whether similar transitions of the chondro-
genic to the osteogenic phenotype also occur on the mammalian growth plate in
situ.

5.4.4.3 Lineage Tracing Experiments

A definite proof of a chondrocyte-to-osteoblast continuum during endochondral
ossification requires labeling of chondrocytes with cell-specific and stable cellular
markers which are transmitted to all progeny of the cell. Previous attempts to label
the progeny of hypertrophic chondrocytes with cherry, the gene for a red fluorescent
protein, expressed under the Coll0al promoter were, however, not entirely conclu-
sive due to the limited half-life of the cherry protein (Maye et al. 2011). Another
study using inducible and stable Col2alCre-induced reporter gene expression
detected a chondrocyte-derived progeny associated with bone trabeculae in the
spongiosa underneath the chondro-osseous junction, but these cells did not express
bone-specific markers (Hilton et al. 2007). The use of Col2alCre-induced recombi-
nation is also hampered by the fact that Col2al is expressed very early in chondro-
osteoprogenitor cells and in the perichondrium and thus will also label cells which
follow a separate osteogenic pathway along the perichondrium (Maes et al. 2010;
Ono et al. 2014).

Final affirmation of the concept of chondrocyte-to-osteoblast transdifferentiation
was achieved independently in four laboratories in genetic lineage tracing studies
based on Cre-induced reporter gene activation. To follow the cell fate of growth
plate chondrocytes, hypertrophic chondrocytes were specifically labeled with
tamoxifen-inducible or non-inducible Cre recombinases inserted into the CollOal
gene (Yang et al. 2014a, b) or driven by a BAC Col10 transgene (Golovchenko et al.
2013; Zhou et al. 2014; Park et al. 2015). In addition, the chondrocyte lineage was
followed using tamoxifen-inducible Agc/-CreERT2 mouse (Zhou et al. 2014) in
which Cre was inserted in the 3'UTR of the aggrecan gene Agc! (Henry et al. 2009).
Coll0Cre- or AgclCre-induced genetic recombination was made visible by mating
with reporter mice bearing LacZ, YFP, or tomato genes under the ROSA26 pro-
moter (Soriano 1999). Using these tools, L. Yang et al. (2014b), G. Yang et al.
(2014a), Zhou et al. (2014), and Park et al. (2015) detected reporter gene expression
in transgenic mice in hypertrophic chondrocytes but also in trabecular osteoblasts of
the primary spongiosa, in the endosteum, and in cortical bone (Figs. 5.1, 5.2, and
5.3). Importantly, no LacZ* or YFP* cells were found in calvaria, nor in the peri-
chondrium/periosteum which is the other source for osteoprogenitor cells invading
the spongiosa (Colnot et al. 2004; Maes et al. 2010).
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Fig.5.1 Appearance of
non-chondrocytic
reporter +cells in the
primary spongiosa of
tamoxifen-treated
Agcl1-CreERT?2 embryos
that are derived from
mature chondrocytes. (a)
The LacZ-stained femur
section of E16.5 Agcl-
CreERT2;ROSA26R
embryo treated with
tamoxifen at E11.5. The
black arrows indicate the
non-chondrocytic LacZ+
cells in the primary
spongiosa (ps). Black
brackets hypertrophic

zone. No LacZ+ cells were

detected within the
perichondrium (red
arrows) and periosteum
(red arrowheads). (b)
Higher magnification of
black square in (a). (From
Zhou et al. (2014), with
kind permission by PLOS
genetics). (¢) Similarly, in
BACol10Cre;RosaLACZ
transgenic mice in which
the ROSA29 locus is
activated under the Col10a
promoter, LacZ-positive
cells appear in the primary
ossification center (here:
ribs of a PS5 mouse). The
LacZ +cells have typical
shape and location of
osteoblasts adherent to
bone trabeculae (From
Park et al. (2015), with
kind permission from The
Company of Biologists)
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100um

Fig. 5.2 Dual origin of trabecular osteoblasts. BACCollOCre-induced recombination of the
ROSA 26YFP locus in hypertrophic chondrocytes activates YFP expression in hypertrophic
chondrocytes (hc in a) and a progeny of hc in the primary spongiosa and endosteum (E).
Immunofluorescence double staining of a E18.5 tibia of a BACColl0Cre;R26RYFP mouse for YFP
(a) and osterix (b) shows that about 30 % of the Osx +osteogenic cells are also positive for YFP
(vellow cells in ¢), i.e., derived from hypertrophic chondrocytes. (¢) The rest of the Osx* cells in
the spongiosa is derived from perichondrium (red cells, periosteal osteoblasts po). Note the
complete absence of YFP+ cells from periosteum/perichondrium (P). White arrow chondro-
osseous junction (Modified from Park et al. (2015))

These studies unanimously provided conclusive evidence that growth plate
chondrocytes give rise to a progeny of osteoblasts which contribute substantially to
endochondral bone formation. This conclusion relies in part on the premise that the
Coll0Cre activity used in the various transgenic mouse lines is restricted to hyper-
trophic chondrocytes. Lack of Cre expression in calvarial bone or any other tissue
outside hypertrophic cartilage was demonstrated in all Coll0Cre knock-in mice
(Yang et al. 2014a, b) or BACCol10Cre transgenic mice by in situ hybridization
(Zhou et al. 2014; Park et al. 2015; Golovchenko et al. 2013).

Comprehensive histological investigations of CollOcre- and AgclCre-induced
reporter gene expression during skeletal development demonstrated specific expres-
sion of LacZ, YFP, or Tomato reporter genes coinciding with Cre expression in the
zone of hypertrophic cartilage (Yang et al. 2014a, b; Park et al. 2015; Zhou et al.
2014) of long bones prior to capillary invasion and bone marrow formation, which
begins at about E14-E15 in the mouse tibia anlage. With formation of the primary
ossification center, strong expression of reporter genes appeared in the spongiosa in
cells that were associated with bone trabeculae or lining the endosteal surface (Yang
et al. 2014a, b; Zhou et al. 2014; Park et al. 2015). Many of the reporter gene-posi-
tive cells showed epithelioid, osteoblast-like morphology (Fig. 5.1) and co-expressed
osteogenic markers including osterix and/or collagen I and osteocalcin, as shown by
immunofluorescence double or triple staining, by immunohistochemistry or combi-
nations with in situ hybridization (Fig. 5.2). Increasing numbers of reporter gene-
positive cells, i.e., hypertrophic chondrocytes (HC)-derived osteogenic cells, were
observed in the primary and secondary ossification centers of all long bones, ribs,
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Fig.5.3 Upper panel (a—c) Lineage tracing of hypertrophic chondrocytes using Coll0al-Cre;Osx

flox/+ mice (Zhou et al. 2014). Double immunofluorescence (DIF) experiments revealed that the
EGFP+ (Osx—/+) cells (yellow arrows) in the primary spongiosa and endosteum are mature chon-
drocyte-derived osteoblasts. DIF experiment with anti-Ocn and anti-GFP using femur frozen sec-
tions of 1-month-old CollOal-Cre;Osxflox"* mice. Green arrows EGFP+QOcn- cells, red arrows
Ocn +EGFP- cells. Lower panel (a—c) Lineage tracing using Agcl-CreERT2;2.3Coll-GFP;ROSA-
tdTomato triple transgenic mice (Zhou et al. 2014). Cellular co-localization of the chondrocyte-
derived tomato marker and the osteoblast-specific 2.3Coll-GFP marker shows collagen
1-expressing cells (yellow arrows) in the spongiosa of P1 femora that are derived from chondro-
cytes. Tamoxifen treatment was done at E14.5. Green cells are Tomato~ EGFP* cells, yellow
arrows Tomato*EGFP* cells. Only EGFP+ cells but no Tomato +cells were present in the peri-
chondrium (between white arrows) and periosteum (between white arrowheads) (From Zhou et al.
(2014), with kind permission from PLOS Genetics) white brackets growth plate (gp)

and vertebrae (Park et al. 2015) in fetal, postnatal, and even adult bones (Yang et al.
2014a, b), again confirming the notion that hypertrophic chondrocytes give rise to a
non-chondrocytic, osteogenic progeny.

In light of remaining uncertainties with respect to antibody specificity, further
efforts were made to ensure the osteogenic phenotype of HC-derived cells in the spon-
giosa. For example, Zhou et al. (2014) identified osteogenic cells in the spongiosa
unequivocally by expressing EGFP+ under the Coll0Cre-recombined Osx promoter
(Agcl-CreERT2 OsxEGFP) (Fig. 5.3). An elegant and specific way to mark Collal-
expressing cells in an antibody-independent way was the insertion of the 2.3-Coll;GFP
transgene which is expressed specifically in osteoblasts but not in fibroblasts (Kalajzic
etal. 2002) into Coll0Cre;tomato or Agc 1 Cre;tomato mice (Zhou et al. 2014) (Fig. 5.3).

The osteogenic character of YFP*, i.e., HC-derived cells in the spongiosa of P5
BACColl0Cre;ROSAYFP bones, was further confirmed by qRT-PCR analysis of
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FACS-sorted YFP* trabecular osteoblasts which revealed expression of Collal, bsp
(bone sialoprotein), and Runx2 (Park et al. 2015). Similarly, cultured endosteal cells
isolated from 3-week-old BACCOLI0OCre; ROSAYFP bones and sorted for YFP
fluorescence expressed Osx, Runx2, osteocalcin, and Collal as shown by RT-PCR
(Park et al. 2015).

5.4.4.4 Tam-Inducible Cre Expression

Despite the results of in situ hybridization analysis showing the absence of Cre
expression in cells other than hypertrophic chondrocytes or in calvarial bone (Yang
et al. 2014a, b; Zhou et al. 2014; Park et al. 2015), questions remained whether
minute levels of Coll0Cre expression below the detection limit of in situ hybridiza-
tion can be excluded in osteogenic cells of the primary spongiosa. Further strong
evidence for the specificity of Coll0Cre activity was, however, provided by L. Yang
et al. (2014b) and Zhou et al. (2014) who confirmed the chondrocyte-to-osteoblast
continuation in the growth plate by generating tamoxifen-inducible Coll0CreERt
(Yang et al. 2014b) or AgcICreERT2 (Zhou et al. 2014) reporter lines. CreERt and
CreERT?2 are Cre recombinases bearing mutated estrogen receptor binding domains
(ERT) which do not respond to endogenous estradiols but are activated through
nuclear localization by the estrogen analog 4-hydroxy-tamoxifen (Feil et al. 2014).
The advantage of this system is that it allows time-controlled pulses of cre activa-
tion by administering tamoxifen (TAM) to the pregnant mothers at distinct stages of
development. If the pulse is started in a defined window prior to onset of bone mar-
row formation, it will mark only hypertrophic chondrocytes, and the time course of
reporter gene expression in hypertrophic chondrocytes and their progeny including
osteogenic cells can be tracked by analyzing the offspring at various days after TAM
injection. For example, when pregnant Coll0CreErt;LacZ+ mothers were injected
with tamoxifen at stage E 13.5, after a time lag of 2 days, many LacZ+ chondrocytes
were detected in the hypertrophic zone of the humerus and some in the tibia at
E15.5, whereas at E16.5, fewer LacZ+ cells were seen in the hypertrophic zone, but
more in the primary ossification center (Yang et al. 2014b). This excluded unspe-
cific Coll0Cre-induced recombination of the ROSA26 locus in osteoblasts, because
in that case, one would expect LacZ+ cells appearing in the primary spongiosa
simultaneously with hypertrophic chondrocytes.

Col2alCre-driven reporter gene expression is activated already in early chondro-
osteoprogenitor cells in the cartilage blastema as well as in the perichondrium and
may therefore also mark the perichondrium-derived osteogenic lineage. In contrast,
Agcl (aggrecan) is expressed in resting chondrocytes but not in chondro-
osteoprogenitor cells nor in the perichondrium (Henry et al. 2009) and is therefore
a suitable marker to follow the cell fate of mature (resting and proliferating) chon-
drocytes. Agcl;CreERT2 activity was detected in limb chondrocytes already at
embryonic stage E12.5 (Zhou et al. 2014). The activation window in AgcICreERT2;
ROSALacZ mice was 24-48 h after TAM injection. When TAM was injected at
E11.5, LacZ* chondrocytes were already detected at E13.5 (Zhou et al. 2014), and
at E15.5, with onset of ossification in the primary spongiosa, cre-inducing activity
of tamoxifen was no longer retained in the tissue, but at E16.5, LacZ* cells were
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seen in the primary spongiosa. The presence of osteogenic cells derived from mature
chondrocytes was also confirmed by analyzing Agcl-CreERT2;0sx"EGFP mice
which revealed chondrocyte-derived, osterix-positive (Osx+EGFP+) cells in the
spongiosa at E15.5 2 days after tamoxifen treatment (Zhou et al. 2014).

5.4.4.5 Quantitative Contribution of Chondrocyte-Derived
Osteoblasts to Endochondral Bone

These findings challenged not only the common view that late hypertrophic chon-
drocytes are eliminated at the chondro-osseous junction of the growth plate but also
the concept that all trabecular and endosteal osteoblasts in the primary and second-
ary ossification center originate from osteoprogenitor cells invading from the peri-
osteum along with bone marrow capillaries (Colnot et al. 2004; Maes et al. 2010;
Ono et al. 2014). An important issue was therefore the question to what extent
chondrocyte-derived osteoblasts contributed to endochondral bone formation in
relation to periosteum-derived osteoblasts. Depending on the type of genetic lineage
tracing, the markers to define osteoblasts (osteoprogenitors, osteoblasts, or mature
osteocytes), and the stage and types of bones investigated, the estimated contribu-
tions of chondrocyte-derived osteoblasts to total endochondral bone cells varied
between 8.5 and 30 % in the trabecular and endosteal zone of the spongiosa at
embryonic stage E18.5 or newborns and 40-60 % in postnatal cortical bone (Yang
et al. 2014a, b; Zhou et al. 2014; Park et al. 2015).

A quantitative analysis of the ratio of chondrocyte-derived osteogenic cells (defined
by nuclear staining for osterix) to total osteogenic cells in the primary spongiosa of
E16.5 to P7 BACCollOcre;ROSAYFP* tibiae indicated that chondrocyte-derived
(YFP*) Osx* cells contributed 30 % to all Osx* cells in the spongiosa at E18.5, level-
ing off at 18 % in the postnatal stages (Park et al. 2015). Similarly, L. Yang et al.
(2014b) reported that 16 % of all Coll-positive cells in the primary ossification center
of E18.5 tibiae of BACCol10CreErt;ROSALacZ* embryos were positive for LacZ. This
corresponded to the 30 % ratio reported above (Park et al. 2015), considering that in
Coll0Cre knock-in mice, only 50 % of the hypertrophic chondrocytes were LacZ*
after TAM-induced reporter gene activation (Yang et al. 2014b), whereas 100 % of the
hypertrophic chondrocytes in growth plates in BACColI0Cre;ROSALAcZ bone were
LacZ positive (Gebhard et al. 2008; Park et al. 2015). Divergent results were pub-
lished on postnatal stages: G. Yang et al. (2014a) reported that about 30 % of all Col1-
positive cells in metaphyses of 20-day-old CollOCre;ROSALacZ tibiae were LacZ*,
as compared to 21 % in the trabecular zone. Zhou et al. (2014), however, reported
much higher rates with 60 % chondrocyte-derived Ocn* Collal* osteoblasts in the
trabecular zone, 68 % in the endosteal zone of 3- to 4-week-old Col10alCre;Osx ¥
EGFP or Col10al-cre;2.3Col1-GFP; ROSA Tomato tibiae, and 69 % in the cortical
zone. Similarly, a rate of 40-50 % LacZ-positive, matrix-embedded mature osteocytes
expressed the LacZ marker in cortical bone of 4 week of Coll0Cre;ROSA LacZ mice
(Park et al. 2015). These studies also provided strong evidence for a dual origin of
cortical bone in fetal and postnatal stages forming by appositional growth, with chon-
drocyte-derived osteoblasts accumulating matrix from the endosteal side and perios-
teum-derived osteoblasts providing the outer part of the cortical bone (Fig. 5.4).
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Fig.5.4 (a) Cell fate analysis of hypertrophic chondrocytes reveals transdifferentiation to osteo-
blasts: Lineage tracing of hypertrophic chondrocytes with Coll0Cre-activated reporter genes
(here: YFP) revealed that in the fetal spongiosa, a substantial fraction of trabecular osteoblasts is
derived from hypertrophic chondrocytes (green cells), whereas the majority of osteoblasts are
derived from perichondrial osteoprogenitor cells (red cells) invading the spongiosa through capil-
laries (Modified after Park et al. (2015)). (b) Dual pathways but common origin of trabecular
osteoblasts: Chondrogenic and osteogenic lineages start from a common Sox9* osteo-
chondroprogenitor cell in early limb development. In the growth plate, chondrocytes mature in
several distinct differentiation steps to hypertrophic cells which either undergo programmed cell
death (apoptosis or chondroptosis) or shrink to small osteoprogenitor cells (CDOP) which may be
reprogrammed into the osteogenic lineage and other bone marrow cells

5.5 Transdifferentiation During Fracture Callus Formation
and Bone Repair

Bone fracture healing involves in most cases a cartilaginous callus intermediate that
is replaced by bone in a process analogous to endochondral ossification. To eluci-
date whether chondrocytes of the fracture callus also give rise to bone cells during
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the repair process, L. Yang et al. (2014b) grafted pieces of hypertrophic cartilage
isolated from CollOCre;RLacZ pups into bone injury sites generated by drilling
holes in the tibia of 3-month-old adult mice. Within 8 days post operation, LacZ-
positive cartilage in the graft decreased and was replaced by bone containing LacZ+
osteoblast- and osteocyte-like cells.

In another study, healing of semi-stabilized tibia fractures was investigated in
2- to 3-month-old Agcl-CreERT2;ROSA-tdTomato mice (Zhou et al. 2014).
Seven days post surgery, Agcl- mice were treated with tamoxifen, and at day 9,
when chondrocyte differentiation occurred in the repair callus, Tomato* fluores-
cence was completely matching the areas of Safranin-O-stained chondrocytes in
the callus, suggesting that the Tomato* cells in the cartilage callus were in fact
chondrocytes. On day 14, the repair callus was partially ossified, showing a mix-
ture of bone and cartilage, and almost all cells in the repair callus, both in the
cartilage and in the bone regions, were positive for Tomato, suggesting the pres-
ence of non-chondrocytic Tomato* cells in the repair callus. In the repair callus
of a post-surgery day 14 Agcl-CreERT2;2.3Coll-GFP;ROSA-tdTomato mouse
treated with tamoxifen at post-surgery day 6, many of the Tomato* cells were
also positive for GFP (Tomato* GFP*), implying that the mature chondrocytes
present in the repair callus have the ability to become Collal-expressing bone-
forming osteoblasts. At day 29 post surgery, the number of Tomato* GFP* cells
was substantially increased, and ossification was almost complete (Zhou et al.
2014). Thus, both studies provide convincing evidence that chondrocytes in the
repair callus are a source of osteoblasts involved in bone fracture healing.

5.6 Mechanism of Chondrocyte-to-Osteoblast Conversion:
Transdifferentiation or Redifferentiation
and Reprogramming?

Despite the overwhelming evidence for a continuation of chondrocyte differen-
tiation into osteogenic cells, many questions remain open concerning the mecha-
nism and regulation of conversion of hypertrophic chondrocytes into osteoblasts.
Do hypertrophic chondrocytes give rise to osteoblasts or osteoprogenitor cells by
direct transdifferentiation, or does this process involve redifferentiation of hyper-
trophic chondrocytes to stemlike cells and reprogramming into osteoblasts?
What is the sequence of gene expression changes during transdifferentiation?
Are the osteogenic cells generated by asymmetric division of hypertrophic chon-
drocytes as proposed by Roach et al. (1995), with one daughter cell undergoing
cell death and the other entering an osteogenic transdifferentiation program? Is
the process of transdifferentiation a cell-autonomous process or regulated by the
microenvironment of the hypertrophic chondrocytes in the calcifying lacunae
adjacent to invading bone marrow capillaries? Which extracellular factors are
involved in this case, and which factors are critical for the decision of transdif-
ferentiation versus programmed cell death? How can small osteoprogenitor cells
emerge from the substantially larger hypertrophic chondrocytes with diameters
of 15-20 pm, do they shrink by autophagy or by other mechanisms?
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5.6.1 Identification of Chondrocyte-Derived Osteoprogenitor
Cells in the Growth Plate

In attempts to identify the origin of the Coll0Cre-induced YFP-labeled osteopro-
genitor cells at the chondro-osseous junction, growth plates isolated by microdis-
section of P5-P7 CollOCreYFP* tibiae, femora, and humeri were analyzed by
confocal microscopy (Park et al. 2015). Detailed analysis of the chondro-osseous
junction at serial levels along the longitudinal axis (z-axis) revealed the presence of
small chondrocyte-derived (YFP*) Coll* cells and YFP*Osx* cells of 4-6 pm diam-
eters in the lowest zone of hypertrophic chondrocytes adjacent to the cartilage—
spongiosa interface. Importantly, these cells which were named chondrocyte-derived
osteoprogenitor (CDOP) were mitotically active, as shown by BrdU injection into
pregnant CollOCre;YFP* mice 1 day before delivery (Park et al. 2015). Size and
position of these cells resembled the “condensed hypertrophic chondrocytes”
described ultrastructurally by Farnum and Wilsman (1987, 1989b) in the lowest row
of closed lacunae of hypertrophic growth plate cartilage. These cells have a con-
densed nucleus and extensive cytoplasmic vacuolization and fill only a small part of
the space of its lacuna. Initial attachments to the pericellular and territorial matrices
eventually disappear, except at the last transverse septum (Farnum and Wilsman
1987, 1989b). Whether the CDOP cells identified by Park et al. (2015) actually
represent these condensed cells, however, remains to be confirmed.

To confirm the ability of CDOP cells to differentiate into osteoblasts, CDOP
cells were isolated from P5-P7 CollOCreYFP* growth plates by sequential enzy-
matic digestion of isolated growth plates with trypsin and collagenase, and three
fractions were obtained which were cultured on fibronectin-coated culture dishes.
After 7-12 days in monolayer culture, immunofluorescence analysis of fraction
2 cells with diameters of 4-5 pm revealed numerous small YFP* cells staining for
the stem cell marker Scal. When cells were expanded for 10 days and YFP* and
YFP- cells were separated by FACS, almost all YFP* cells were positive for Osx.
RT-PCR analysis of RNA isolated from sorted YFP* fraction 2 cells revealed expres-
sion of both stem cell-typical genes such as CD34, scal, sox2, and c-myc and genes
of the osteogenic lineage including collal, osx, and Runx2. After additional 14 days
in culture, mRNA levels of Collal, Ocn, and Runx2 in YFP*CDOP cells were com-
parable to those of differentiating MC3T3 osteoblasts, confirming the ability of
CDOP cells to differentiate into osteoblasts (Park et al. 2015). Altogether, these
findings confirm that the population of small, 4-6 pm cells in fraction 2 isolated
from growth plates contained chondrocyte-derived cells with osteoprogenitor char-
acter. They represent most likely the CDOP cells observed by confocal microscopy
in the chondro-osseous junction of the growth plate.

5.6.2 Autophagy in Hypertrophic Chondrocytes: Preparation
for Apoptosis or Cell Survival?

A major question arising from these observations relates to the dramatic changes in
cell size during the transdifferentiation process: How do the large hypertrophic
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chondrocytes shrink to osteoprogenitor cells with an approximately 20- to 50-fold
lesser volume? In light of increasing evidence for autophagy occurring in growth
plate and articular chondrocytes (Bohensky et al. 2009; Srinivas et al. 2009a, b;
Carames et al. 2010), it is likely that cell shrinkage occurs by autophagy. Autophagy
is primarily considered a cell-protective mechanism that permits cells to survive
under stress conditions such as nutrient deficiency or hypoxia (Carames et al. 2010).
This includes that “the cell cannibalizes itself to generate energy” (Srinivas et al.
2009b; Yang and Klionsky 2010). By sequestering dysfunctional organelles, pro-
teins, and membranes into double-membrane vesicles called autophagosomes
which later fuse with lysosomes, cells generate energy and remain viable and com-
plete their life cycle (Kimura et al. 2007; Srinivas et al. 2009b; Yang and Klionsky
2009). In fact, most YFP-positive hypertrophic chondrocytes in the prehypertrophic
and hypertrophic zone of BACColl0CreYFP mice showed a punctate fluorescence
after both anti-beclin-1 and anti-LC3B staining (Park et al. 2015), characteristic of
autophagic vacuoles (Srinivas et al. 2009b; Carames et al. 2010). Beclin-1 is a pro-
tein that participates in the nucleation of autophagic vesicles (Thorburn 2008; Zhang
et al. 2013) and LC3B is required for the expansion of autophagosomes (Weidberg
etal. 2011).

On the other hand, autophagy is also closely related to apoptosis caused by stress
or hypoxia (Wang 2015; Li et al. 2015). Generally, autophagy blocks the induction
of apoptosis and inhibits the activation of apoptosis-associated caspases which
could reduce cellular injury (Wu et al. 2014). Thus, autophagy is very likely the first
step in the condensation process of hypertrophic chondrocytes and either may lead
to cell death or permit cell survival and reprogramming to osteogenic cells depend-
ing on the microenvironmental conditions of the cells (Carames et al. 2010).
Identification of these conditions which may include hypoxic conditions, reactive
oxygen species (ROS) (Poillet-Perez et al. 2015), or pH changes appears an impor-
tant question to be solved.

5.6.3 Programmed Cell Death or Transdifferentiation?

As the current data strongly suggest that hypertrophic chondrocytes have the option
to undergo programmed cell death, or to reenter the cell cycle and activate an
osteogenic fate (Fig. 5.4), the question arises at which stage of the chondrocyte
differentiation program this decision is made and which factors of the microenvi-
ronment of the growth plate are involved in the control of this decision. As hyper-
trophic chondrocytes are arranged in vertical columns, each representing most
likely one clone derived from a single prehypertrophic chondrocyte at the top of
the column, the decision for cell death versus reprogramming after onset of autoph-
agy may occur at any stage before reaching the lowest lacuna in the growth plate.
Using the multicolor Confetti reporter system (Muzumdar et al. 2007) activated by
Col2alCreERT-mediated recombination, G. Yang et al. (2014a) observed few
chondrocyte columns 5 days after tamoxifen activation, each labeled uniformly
with different colors, confirming the clonal character of the chondrocyte columns.



5 Cell Fate of Growth Plate Chondrocytes in Endochondral Ossification 135

Several days later, the colored columns extended into the spongiosa underneath the
growth plate, indicating direct conversion of some chondrocytes into osteogenic
cells and other bone marrow cells. This powerful lineage tracing system could be
extended to investigate whether different types of clonal chondrocyte columns
could be distinguished, perhaps on the basis of differentially expressed genes,
which would undergo cell death rather than reprogramming into osteogenic cells.
The clonal character of hypertrophic chondrocytes within a column and the hetero-
geneity of the cell fate in individual columns are consistent with the report by
Farnum and Wilsman (1987, 1989b) who described the appearance of small “con-
densed” cells in some, but not all lowest intact lacunae of hypertrophic
chondrocytes.

For the decision of cell death by apoptosis versus survival, the expression
levels of Bcl2 and BAX have been shown to be instrumental. Bcl-2 and BAX are
members of an emerging family (Bcl family) of proteins which are involved in
the regulation of programmed cell death (Vaux et al. 1988; Korsmeyer 1992).
Bcl-2, an inhibitor of apoptosis, and BAX, an apoptosis inducer, form heterodi-
mers which neutralize the anti-apoptotic effect of Bcl-2, causing accelerated cell
death. Within a cell, it is the ratio of Bcl-2 to Bax that determines whether a cell
dies or not (Amling et al. 1998; Sedlak et al. 1995; Oshima et al. 2008; Yin et al.
1994).

Very little is known, however, on the heterogeneity of the microenvironment in
different zones or different columns of hypertrophic chondrocytes in the growth
plate. Gibson et al. (1995) have reported enhanced apoptotic activity in hypertro-
phic chick sternal chondrocytes located close to invading bone marrow vessels,
and also in the mammalian growth plate, the bone marrow invasion front is rather
irregular, suggesting that different hypertrophic chondrocytes along the chondro-
osseous junction may be exposed to different levels of invading cytokines or
growth factors and to different pH or oxygen levels. Elucidation of these param-
eters and their influence on autophagy, cell death, or cell survival and transdif-
ferentiation will be one of the demanding challenges in the future to clarify this
issue.

Conclusion

The recognition of a continued chondrocyte-to-osteoblast lineage sheds new
light on the role of hypertrophic chondrocytes in endochondral ossification. We
now understand why such seemingly intricate and complex mechanisms are nec-
essary to regulate chondrocyte differentiation in the growth plate, leading at the
end to a hypertrophic chondrocyte which not only produces a specialized calci-
fied cartilage matrix but also induces invasion of vascular sprouts, expresses
bone-specific genes, and finally gives rise to a progeny of osteoblasts. Numerous
previous studies reporting complex alterations of endochondral bone formation
after genetic deletion or overexpression of osteogenic or chondrogenic regula-
tory genes in chondrocytes may have to be reconsidered in light of the concept of
a continued chondrocyte-to-osteoblast lineage, not only in transgenic animal
studies but also in human chondrodysplasias.
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