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ARTICLE INFO ABSTRACT

Keywords: Hypertrophic chondrocytes are found at unique locations at the junction of skeletal tissues, cartilage growth
Chondrocyte hypertrophy plate, articular cartilage, enthesis and intervertebral discs. Their role in the skeleton is best understood in the
Transdifferentiation

process of endochondral ossification in development and bone fracture healing. Chondrocyte hypertrophy occurs
in degenerative conditions such as osteoarthritis. Thus, the role of hypertrophic chondrocytes in skeletal biology
and pathology is context dependent. This review will focus on hypertrophic chondrocytes in endochondral
ossification, in which they exist in a transient state, but acting as a central regulator of differentiation, miner-
alization, vascularization and conversion to bone. The amazing journey of a chondrocyte from being entrapped
in the extracellular matrix environment to becoming proliferative then hypertrophic will be discussed. Recent
studies on the dynamic changes and plasticity of hypertrophic chondrocytes have provided new insights into how
we view these cells, not as terminally differentiated but as cells that can dedifferentiate to more progenitor-like
cells in a transition to osteoblasts and adipocytes, as well as a source of skeletal stem and progenitor cells residing
in the bone marrow. This will provide a foundation for studies of hypertrophic chondrocytes at other skeletal

Endochondral ossification
Cellular plasticity
ECM remodeling

sites in development, tissue maintenance, pathology and therapy.

1. Introduction

Cells at the intersection between two different types of tissues are
special. These cells are often dualistic, having characteristics of adjacent
cell types, and play vital roles in the structural connection and func-
tional balance of the two tissues (Garcia et al., 2018). A good example is
the myotendinous junction at the tendon and muscle interface (Schejter
and Baylies, 2010). This junction contains sarcolemma interdigitation,
formed by connection of muscle membrane and the collagen fibrils from
tendon. This unique structure between the two tissue types significantly
increases the force transfer area at the junction between muscles and
tendons, resulting in better force distribution and reduced localized
stress (Tidball and Lin, 1989). Similarly, the enthesis, a fibrocartilagi-
nous tissue, provides stable anchoring function to connect tendon and
bone (Benjamin and McGonagle, 2009). The enthesis is lined with
distinct cellular zones, with a gradational change from tenocytes, un-
calcified fibrochondrocytes, calcified fibrochondrocytes, to osteocytes,
in the direction from the tendon to the bone. This orderly arrangement
of different cellular regions allows for a connection between tendon and
bone at the cellular level (Benjamin et al., 2002). It is clear that cells at

tissue junctions have key roles in mediating the development and
maintenance of tissue function, sparking an interest as to the intricacy
and complexity of cell regulation in this context.

Hypertrophic chondrocytes are one such type of junctional cells that
are found between non-mineralized cartilage and the hard ossified bone
in many skeletal structures, such as the cartilage growth plates of long
bones (Fernandez-Iglesias et al., 2021), the articular cartilage of syno-
vial joints (Gauci et al., 2019), and the tendon/bone insertion sites
(Killian, 2022). Hypertrophic chondrocytes are characterized morpho-
logically as enlarged chondrocytes. Molecularly, they specifically ex-
press Col10al, encoding type X Collagen, an extracellular matrix (ECM)
protein (Kong et al., 1993). While the function of type X Collagen is still
not well understood, this gene is a key marker for hypertrophic chon-
drocytes, and has been used in the generation of genetic tools in the
mouse to study the role and fate of hypertrophic chondrocytes in the
mammalian system, in particular, in the cartilage growth plate (Warman
etal.,, 1993; Gu et al., 2014). Hypertrophic chondrocytes have also been
used as a marker for degenerative conditions such as osteoarthritis (Park
et al., 2021). This review will focus on this unique cell type, and our
current understanding of its characteristics and roles in the context of its
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presence and interplay with adjacent cells at specific junction sites.

2. Hypertrophic chondrocytes in the mammalian skeletal
system

The characteristics of hypertrophic chondrocytes are best described
in the context of the growth plate cartilage by light and electron mi-
croscopy, which reveal distinct stages of these “terminal hypertrophic
chondrocytes” (Farnum and Wilsman, 1987) (Fig. 1). The majority of
these cells exist as fully hydrated cells with an intact plasma membrane
in direct contact with the pericellular matrix. Some are found as
condensed cells that retain attachment to the last transverse septum and,
interestingly, about 1 % of these cells consistently have a direct asym-
metrical contact of the plasma membrane with the last transverse
septum (Farnum and Wilsman, 1987). Thus, in the context of the growth
plate cartilage, which is a transitional cartilage with dynamic changes,
heterogeneity exist in this population of hypertrophic chondrocytes
(Long et al., 2022).

While articular cartilage is considered as a stable cartilage, it shows a
degree of spatial and temporal transiency, with defined superficial, in-
termediate and deep zones, and their associated cellular changes
(Fig. 1). The superficial zone contains flattened chondrocytes aligned
parallel to the surface of the cartilage, where they express ECM com-
ponents that facilitate lubrication, such as lubricin (PRG4) (Kozhe-
myakina et al., 2015b). The intermediate zone contains chondrocytes
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with differing zonal expression of type II collagen and aggrecan. The
deep zone contains hypertrophic chondrocytes that express type X
collagen (Chau et al., 2022). Type X collagen/COL10A1 as a specific
protein/gene maker for hypertrophic chondrocytes has facilitated the
identification of hypertrophic chondrocytes at other skeletal junction
sites, including the Achilles tendon to the calcaneus/bone (Fukuta et al.,
1998; Taylor et al., 2020), the femoral insertion of the medial collateral
ligament (Niyibizi et al., 1996), and the intervertebral disc (Boneski
et al., 2022) (Fig. 1). Furthermore, abnormal chondrocyte hypertrophy
is implicated as part of the pathology seen in many skeletal dysplasias
and osteoarthritis (OA) (Park et al., 2021). Thus, hypertrophic chon-
drocytes are involved in skeletal development, tissue homeostasis and
disease states.

3. Type X collagen and hypertrophic chondrocytes

Studies on the expression and localization of type X collagen suggest
the characteristics of hypertrophic chondrocytes at various transitional
zones are not the same. Col10al expression follows the fate of hyper-
trophic chondrocyte. In endochondral ossification, such as during the
developmental changes in the growth plate, fracture repair, and het-
erotopic ossification (Grant et al., 1987; Rooney et al., 1992), expression
of Col10al is transient. In this context, type X collagen is degraded with
ossification. By contrast, type X collagen persists at the enthesis (Niyibizi
et al., 1996) and articular cartilage through maturity (Fujioka et al.,
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Fig. 1. Schematic diagram for the location of hypertrophic chondrocytes in the skeletal system

Hypertrophic chondrocytes are located at multiple sites in the skeletal system, particularly at tissue junctions. They exist as transient cells in the cartilage growth
plate at the ends of long bone, at the periphery of the secondary ossification centre (SOC) of the epiphysis end which separates the articular cartilage from the growth
plate (A), the fibrocartilage junction at the tendon insertion site (enthesis) to cartilage/bone (B), in the intervertebral disc within the cartilage endplate flanking the

inner annulus fibrosus (C). Hypertrophic chondrocytes are coloured in orange.
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1997), with the presence of hypertrophic chondrocytes. Immunostain-
ing for type X collagen indicates a primarily pericellular localization in
most sites, for example for tendon attachment in rat and turkey (Fujioka
et al., 1997; Taylor et al., 2020), and in the territorial matrix at sites of
secondary ossification (Eerola et al., 1998). Whether this reflects a real
difference in hypertrophic chondrocyte characteristics or technical
variations remains to be resolved. However, it is clear that the presence
of type X collagen in the ECM is an indicator of the progressive changes
in growth plate during endochondral ossification, demonstrating a role
for type X collagen and hypertrophic chondrocytes in skeletal health and
disease. In OA progression, chondrocyte hypertrophy is thought to be
associated with high apoptotic rates and presence of type X collagen as
an indicator of cartilage destruction (van der Kraan et al., 2009; van der
Kraan and van den Berg, 2012).

To date, the function of type X collagen remains elusive. Two studies
on inactivation of the Coll10al gene in mice showed no (Rosati et al.,
1994) or subtle (Kwan et al., 1997) phenotypic changes in skeletal
development, such as mildly reduced thickness of the cartilage growth
plate and articular cartilage, some alteration in bone content and inci-
dence of mild coxa vara in older mice. Whereas, over-expression of a
truncated chicken type X collagen in a transgenic mouse also resulted in
a dwarfism phenotype, and immunological defects were noted with
leukocyte deficiency in bone marrow, reduction in size of thymus and
spleen, and lymphopenia (Jacenko et al., 1993). Thus, Coll10al is
dispensable and not required for chondrocyte hypertrophy, but there is
some evidence for its role as a negative regulator of mineralization and
the distribution of matrix vesicles into the mineralizing zone from the
chondro-osseous junction (Kwan et al., 1997). Interestingly, mutations
in COL10A1 result in metaphyseal chondrodysplasia type Schmid
(MCDS, OMIM 156500), a form of dwarfism in which bone growth is
disrupted (Ikegawa et al., 1998). Later studies confirmed that the effects
of these mutations are not due to a loss-of-function outcome, but rather,
a dominant-negative effect on the assembly and secretion of type X
collagen, impairing maintenance and differentiation of hypertrophic
chondrocytes (Chan et al., 1995; Chan et al., 1996). Thus, the presence,
fate and clearance of hypertrophic chondrocytes have contrasting roles
in normal endochondral ossification and diseases, and targeting these
cells could have therapeutic potential (Park et al., 2021). Further, given
the active turnover of the mineralized cartilage in linear bone growth, a
degradative product, the noncollagenous 1 (NC1) domain, of type X
collagen can be detected in the circulation in early human growth, that
can be used as a marker for child health and development; in particular,
period of active bone growth (Coghlan et al., 2017). As bone growth is
not linear, such information could allow more precise treatments and
monitoring of bone growth defects.

4. Chondrocyte hypertrophy in the initiation of endochondral
ossification

The axial and appendicular bones are formed through endochondral
ossification. This is a complex process, involving the generation of
cartilage templates that are subsequently converted to bone. Many cell
types are involved, and hypertrophic chondrocytes located in the region
of the calcified cartilage play a key role in the conversion to bone, in
distinct and closely coupled steps. It begins with chondrocyte hyper-
trophy and formation of the primary ossification center in the cartilage
templates; cells in the surrounding perichondrium differentiate into
osteoblasts, forming a bone collar-like structure (Kronenberg, 2003).
This is followed by invasion of the calcified cartilage by blood vessels,
bringing in pericytes, osteoclasts and progenitor cells, converting the
calcified cartilage into vascularized bony trabeculae.

Primary ossification progresses towards both ends of the cartilage
template, and a growth plate is established, where new cartilage is
generated for the conversion to bone, thus, allowing the linear growth of
long bones. The cartilage growth plate is an organized structure con-
taining four distinct zones based on status of the chondrocytes: reserve
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(also termed ‘resting” in other literature), proliferative, pre-
hypertrophic, and hypertrophic zones. The molecular interplay be-
tween the cells in these zones are tightly regulated for proper bone
growth, the disruption of which will lead to various forms of skeletal
dysplasia (Kozhemyakina et al., 2015a). During development, secondary
ossification centers initiate at both cartilage ends within the reserve
zones. This process is similar to the initiation of the primary ossification
center, spatially separates the growth plate and the articular cartilage
with trabecular bone. The hypertrophic chondrocytes from this sec-
ondary ossification center contribute to the organizational structure of
the articular cartilage, as part of the deep calcified zone (Fig. 1), whereas
chondrocytes in the superficial and intermediate zones are derived from
progenitor cells within the interzone during synovial joint development
(Feng et al., 2019). Lineage studies show interzone cells do contribute in
part to the hypertrophic chondrocytes located in the deep zone (Feng
et al., 2019). Thus, hypertrophic chondrocytes in the deep zone may
have multiple origins. Interestingly, hypertrophic chondrocytes present
in the carpal and tarsal bones of the fore and hind limbs are derived
through a process similar to the formation of secondary ossification
centers (Lazarus et al., 2017).

5. Role of pre-hypertrophic chondrocytes in regulating bone
growth

The structural organization of the cartilage growth plate is unique,
with distinct zones that are intertwined. Growth requires proliferation of
specified chondrocytes within the reserve zone, to produce longitudinal
columns of chondrocytes (Kronenberg, 2003). The known master tran-
scriptional regulators of chondrogenesis (Sox9) and osteogenesis
(Runx2) are involved. Mutations in SOX9 are associated with campo-
melic dysplasia, a perinatal lethal condition characterized by severe
growth plate abnormalities, with short stature, bending of long bones,
and kyphoscoliosis (Foster et al., 1994; Wagner et al., 1994). This is
related to its role in the transactivation of genes necessary to initiate the
chondrogenesis program in embryonic development, in conjunction
with SOX5 and SOX6 (Akiyama et al., 2002; Lefebvre et al., 2019).
Postnatally, SOX9 is also needed to prevent growth plate closure, as a
gate keeper safeguarding the fate of the chondrocyte lineage (Haseeb
et al.,, 2021). In the progression to hypertrophy, SOX9 is needed and
RUNX2 alone is insufficient to induce chondrocyte hypertrophy (Dy
et al., 2012), yet a coordinated down-regulation of Sox9 (Wang et al.,
2017; Zuo et al., 2018) and up-regulation of Runx2 is required for
mature chondrocytes to proceed towards ossification (Inada et al.,
1999).

Pre-hypertrophic chondrocytes are formed at the onset of hypertro-
phy. They express Indian Hedgehog (Ihh) and the receptor for PTHrP
(Ppr/Pthlr), which are key to the IHH/PTHrP feedback loop that regu-
lates chondrocyte proliferation and hypertrophy (Karaplis et al., 1994;
Vortkamp et al., 1996; St-Jacques et al., 1999). IHH acting as a
morphogen has a positive effect on the proliferating chondrocytes. IHH
also exert a long range effect activating PTHrP on chondrocytes closer to
the periarticular region. PTHrP feeds back to receiving prehypertrophic
chondrocytes that express the receptor, with a negative effect on hy-
pertrophy (Kobayashi et al., 2002; Mak et al., 2008; van Donkelaar and
Huiskes, 2007).

Interestingly, PTHrP-expressing (PTHrP™) cells in the reserve zone
have properties of skeletal stem cells (SSCs) (Mizuhashi et al., 2018).
Using Pthrp-creER;R26R ™ a5 a conditional tool to track the lineage
of PTHrP™ cells in the reserve zone at P6, columns of clonal chon-
drocytes of fewer than 10 cells can be identified following 6 days of
chase after tamoxifen injection: these columns expanded to more than
10 cells by 12 days of chase (Mizuhashi et al., 2018). PTHrP" SSCs ex-
press a distinct set of immunology and cancer (CD) markers. Similar
SSCs were identified in growth plates of foetal and neonatal periods in
Col2-creERT:R26R°™e!l mice. These SSCs have self-renewal ability,
reside in a stem cell niche that undergoes a switch into clonality, and
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with proliferation, forming the columns of chondrocytes (Newton et al.,
2019). It is likely that the SSCs identified in these two studies overlap,
and that expression of PTHrP regulated by IHH produced by pre-
hypertrophic chondrocytes has a positive effect on chondrocyte prolif-
eration in the reserve zone. The mammalian target of rapamycin com-
plex 1 (mTORC1) might also be involved (Newton et al., 2018; Yan et al.,
2016).

6. Towards chondrocyte hypertrophy

Chondrocyte hypertrophy occurs within the columns of proliferative
chondrocytes. Cell expansion in the columns is considered as the second
phase of bone growth following cell proliferation (Hunziker and Schenk,
1989), and contributes significantly to the linear growth (Hunziker
et al., 1987). This is achieved through an almost 10-fold increase in
water content, concomitant with an increase in cellular matrix and the
number of various organelles such as the endoplasmic reticulum, Golgi
apparatus, and mitochondria (Buckwalter et al., 1986), suggesting a
switch in metabolic activity and energy flux. Rapid synthesis of mem-
brane lipids and the cellular matrix would be needed to support this
huge increase in cell size. Actin organization controls the chondrocyte
phenotype and hypertrophy. An actin-binding gelsolin-like protein,
Adseverin or Scinderin (SCIN) is highly expressed in hypertrophic
chondrocytes, inducing a rearrangement of the actin cytoskeleton
needed for the enlargement (Nurminsky et al., 2007). Indeed, an over-
expression in chondrocytes in a 3D collagen gel culture induces a 3.5-
fold increase in cell volume, together with expression of genes associ-
ated with hypertrophy, such as Ihh and Col10al (Nurminsky et al.,
2007).

A study using diffraction phrase microscopy that allows an estima-
tion of cellular dry mass compared hypertrophic differentiation between
fast (proximal tibia) and slow (radius) growing bones in the mouse, as
well as in the fast-growing metatarsals of the Egyptian Jerboa (Cooper
et al.,, 2013). Mammalian chondrocytes were shown to occur in three
phases. First, cell volume and dry mass increase simultaneously; second,
cells swell without significant increase in dry mass; third, there is again a
coordinated increase in both cell volume and dry mass. The authors
concluded that slow- and fast-growing bones differ in phase II, and most
significantly in phase III, contributing to the different growth rate
(Cooper et al., 2013).

In addition to cellular changes, drastic changes also occur in the
extracellular environment. In particular, the cell switch from expressing
the filbrillar type II collagen to the short-chain type X collagen (Yama-
saki et al., 2001). Chondrocytes exist in chondrons, a term originally
used to denote the pericellular matrix environment (Benninghoff, 1925;
Poole, 1997). While the matrix in the territorial and inter-territorial
regions between cells contain typical structural ECM proteins of hya-
line cartilage such as type II, IX and XI collagens, and aggrecan (Eyre,
2001), the pericellular matrix of the chondrocytes is rich in type VI
collagen, hyaluronan, fibronectin and laminin (Poole, 1997). Therefore,
each chondrocyte is surrounded by a complex pericellular microenvi-
ronment, thought to serve as a micromechanical unit with the swelling
pressure produced from the pericellular concentrations of hyaluronan
and aggrecan to resist mechanical loading.

Chondrons when compacted vertically, deform laterally and shear
under load, but recover completely when unloaded (Broom and Myers,
1980), acting as a protective unit, allowing limited cellular deformation
and recovery. This property of chondrons might accommodate the initial
increase in cell size in phase I of chondrocyte hypertrophy, but rapid
changes may be needed to remodel the pericellular matrix to allow
phase IT and III to proceed. The change in collagens from type II to type X
may allow for a more open ECM configuration and, with a higher con-
tent of hyaluronan (Farnum et al., 1984), pave the ECM space to com-
plete hypertrophy. This notion would be consistent with the existence of
columns of proliferative and hypertrophic chondrocytes as a micro-
mechanical unit of a multicellular chondron. In the proliferative zone,
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each cell within the column is in direct contact and shares pericellular
matrix with neighboring cells in the vertical orientation, but each col-
umn is separated by territorial/inter-territorial matrix in the horizontal
direction. In the hypertrophic chondrocyte columns, the territorial/
inter-territorial matrix is significantly smaller, allowing expansion in
cell size (Fig. 1). The direction of growth and bone formation is from the
erosion of hypertrophic cartilage and bone synthesis at the chondro-
osseous junction. How this is coordinated with the induction of hyper-
trophy is unclear, as is whether a gradient of hypertrophic chondrocytes
exists at different phases within one column of cells.

6.1. Molecular signals regulating chondrocyte hypertrophy

The down-regulation of Sox9 expression and the up-regulation of
Runx2 expression signal the entry of the proliferative chondrocytes into
hypertrophy (Ding et al., 2012). The proliferative chondrocytes exit the
cell cycle and enter the GO phase, as demonstrated by the expression
activity of cyclin-dependent kinase inhibitor, p57¥iP? (Stewart et al.,
2004). A transcription factor, C/EBPJ transactivates p57Kip2, promoting
the transition to hypertrophic chondrocytes (Hirata et al., 2009). The
rate and extent of chondrocyte proliferation is in part regulated by the
suppression of p57XP2 by PTHrP (MacLean et al., 2004).

Heterozygous mutations in RUNX2 lead to cleidocranial dysplasia
with abnormal bone development (Komori et al., 1997; Komori, 2022;
Otto et al., 1997). Runx2/3 are expressed in prehypertrophic and hy-
pertrophic chondrocytes (Inada et al., 1999; Kim et al., 1999; Sato et al.,
2008) (Fig. 2). RUNX2-regulated expression of Ihh (Yoshida et al.,
2004), and inactivation of Runx2 or reduced RUNX2 concentration due
to expression of a dominant-negative Runx2 allele leads to reduced
chondrocyte hypertrophy (Inada et al., 1999). Inactivation of both
Runx2/3 leads to a more severe outcome, with a failure of chondrocyte
hypertrophy and reduced Coll10al expression (Yoshida et al., 2004). On
the other hand, over-expression of Runx2 in chondrocytes results in
premature chondrocyte hypertrophy in vitro (Enomoto et al., 2000) and
in vivo (Takeda et al., 2001), marked by the expression of Col10al.
Indeed, RUNX2 promotes the expression of Col10al (Drissi et al., 2003;
Zheng et al., 2003).

In skeletal development, expression of Runx2 is tightly regulated at
many levels, that differ at different locations along the proximodistal
axis in the developing limb. For example, SHOX2 is involved in the
patterning proximal limb elements, and presents as a stylopod-specific
regulator of Runx2 expression in mice (Cobb et al., 2006), via the con-
trol of BMP4 (Yu et al., 2007) in regulating chondrocyte hypertrophy.
DLX5 has also been shown as a positive regulator of chondrocyte hy-
pertrophy. Retroviral misexpression in skeletal elements of developing
chick limbs leads to the expansion of hypertrophic zone (Ferrari and
Kosher, 2002). Conversely, inactivation of Dix5 in mice delayed chon-
drocyte maturation, and more chondrocytes in the proliferative zone
(Bendall et al., 2003; Chin et al., 2007). DLX5 binds specifically to the
distal (P1) promoter of Runx2, activating the expression of the type II
isoform (Lee et al., 2005). DIx5 expression is under the regulation of
BMP2 signaling (Lee et al., 2003), and its action on the P1 promoter is
antagonized by MSX2 (Lee et al., 2005).

PTHrP signals through Gsa, an activator of cyclic AMP (cAMP) and
protein kinase A (PKA) signaling, as a mediator in the inhibition of IHH
signaling (Sakamoto et al., 2005; Jiang and Hui, 2008), as part of the
negative feedback loop regulating hypertrophy. WNT signaling up-
regulates the expression of Ihh (Mak et al., 2008). However, IHH
signaling may also be upstream of WNT in this context, as Wnt7a and
Tcf1, indicators of WNT signaling, are reduced in Ihh-deficient mice (Hu
et al., 2005), forming a positive loop driving hypertrophy. WNT
signaling has been shown to antagonize the action of PTHrP by inde-
pendently promoting hypertrophy of the proliferating chondrocytes
(Guo et al., 2009). Non-canonical WNT signaling through Wnt5a and
Wnt5b also regulates the transition to hypertrophy, but independently of
the IHH-PTHrP negative feedback loop. Wnt5a and Wnt5b appear to
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Fig. 2. Current understanding of the molecular control and fate of hypertrophic chondrocytes in the developing growth plate

Schematic diagram illustrating the molecular control and cellular changes focusing on the role and fate of hypertrophic chondrocytes in the process of endochondral
ossification. The importance of Runx2 as a transcriptional factor functioning at all stages, from the initiation of chondrocyte hypertrophy to transition to an oste-
oblast. The plasticity of hypertrophic chondrocytes is highlighted with re-differentiation under cellular stress signals such as the unfolded protein response (UPR).
The concept of asymmetric cell division for both cell shrinkage and apoptosis is included, as well as the proposed transition of a hypertrophic chondrocyte to a
skeletal stem and progenitor cell (SSPC), with self-renewal ability and differentiation to osteoblast or adipocyte. The role of matrix remodeling at the chondro-osseous
junction is also highlighted where the cross talk between hypertrophic chondrocytes and the invading blood vessels brings in essential ingredients (eg. calcium,
matrix vesicles, and MMP9 which is supplied by endothelial cells, osteoclasts and hypertrophic chondrocytes). This interplay ensures a controlled conversion of the
hypertrophic cartilage to bone, wherein osteoblasts can be derived from hypertrophic chondrocytes and other sources such as the pericytes from the blood vessel, and

mesenchymal cells in the bone marrow.

coordinate chondrocyte proliferation and differentiation by differen-
tially regulating cyclin D1 and p130 expression, as well as Col2al
expression in chondrocytes (Yang et al., 2003).

Targets of PTHrP signaling include Zfp521 and Nkx3.2. Zfp521 is a
zinc finger transcriptional coregulator expressed in prehypertrophic
chondrocytes (Correa et al., 2010). Within the growth plate, Zfp521
associated with RUNX2, antagonizing its activity via an HDACA4-
dependent mechanism. Thus, its inactivation leads to reduced chon-
drocyte proliferation because of early hypertrophic transition (Correa
et al., 2010). Nkx3.2 is expressed in the proliferative chondrocytes
acting as a transcriptional repressor of Runx2, with a negative impact on
hypertrophy (Lengner et al., 2005; Provot et al., 2006). Together,
functioning through PTHrP signaling, Zfp521 and Nkx3.2 contribute to
the negative feedback mechanism regulating the onset of hypertrophy.

BMP2 and 4 are expressed by prehypertrophic and hypertrophic
chondrocytes (Nilsson et al., 2007). BMP signaling can induce chon-
drocyte hypertrophy in ex vivo limb culture (De Luca et al., 2001). It has
been shown to interact directly with IHH and PTHrP pathways: for
example, BMP2 induces the expression of Ptchl, the receptor for
hedgehog signaling (Long et al., 2004), and BMP signaling potentiates or
fine tunes the IHH-PTHrP negative feed-back loop (Minina et al., 2001).
Further, BMP signaling can induce Runx2 expression (Lee et al., 2003;
Phimphilai et al., 2006) and PTHrP down-regulates the concentration of
RUNX2 via induction of cyclin-D1-dependent phosphorylation of

RUNX2/3, targeting them for proteasomal degradation (Zhang et al.,
2009).

Notch signaling indirectly promotes chondrocyte hypertrophy via
regulation of BMP signaling and cell cycle arrest (Shang et al., 2016). At
the transcriptional level, Notch signaling mediated by HES and HEY
factors have been shown to regulate the onset of chondrocyte hyper-
trophy via suppression of Sox9 and Col2al in development (Grogan
et al., 2008; Hosaka et al., 2013; Chen et al., 2013; Kohn et al., 2015;
Rutkowski et al., 2016) and osteoarthritis (Sugita et al., 2015; Hosaka
et al., 2013). Suppression of Sox9 was shown to be Rbpj-dependent
notch signaling (Chen et al., 2013), likely via HES5, and together with
HES] that regulates Col2al and Acan (Grogan et al., 2008) suppress
chondrogenesis and promote chondrocyte hypertrophy (Rutkowski
et al.,, 2016). In cultured chondrocytes, HES1 induced Adamts5 and
Mmp13 (Sugita et al., 2015). Other targets of HES1 include 116 (Sugita
et al., 2015), and I16 mediates suppression of Acan and induction of
Mmp13 expression by Notch in chondrocytes (Zanotti and Canalis,
2013), reinforcing the catabolism of the calcified hypertrophic cartilage
at the chondro-osseous junction. Thus, together, these signals are likely
to function co-ordinately at the earlier phase of hypertrophy.

On the other hand, the IGF1-IGF1R pathway is the key regulator of
the later phase of chondrocyte hypertrophy (Cooper et al., 2013). In Igf1
haploinsufficient mice, the height of the hypertrophic zone is specif-
ically reduced (Wang et al., 1999), as well as the downstream pathway,
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PI3K-Akt, a major regulator of chondrocyte hypertrophy (Peng et al.,
2003; Rokutanda et al., 2009; Ulici et al., 2009; Ulici et al., 2008).
Indeed, IGF1 is a major hormone required for skeletal growth (Yakar
et al., 2018), and is used clinically to treat children with skeletal growth
abnormalities (Giustina et al., 2008).

Mice lacking Foxa2 and Foxa3 exhibit severe impairment of chon-
drocyte hypertrophy, with reduced expression of type X collagen,
MMP13 and alkaline phosphatase (Ionescu et al., 2012). FOXA2 binds to
conserved motifs in the Coll0al promoter and can transactivate a
Coll0al-luciferase reporter in chondrocytes. It is possible that FOXA2,
together with other transcription factors such as RUNX2 and MEF2C,
promote the expression of hypertrophic genes (lonescu et al., 2012)
(Fig. 2). Interestingly, epigenetic regulators also contribute to the
regulation of chondrocyte hypertrophy. Histone deacetylase 4 (HDAC4)
inhibits hypertrophy by suppressing RUNX2 and MEF2C (Vega et al.,
2004; Arnold et al., 2007). HDAC4 activity is controlled by the balance
between its cytoplasmic and nuclear localization. PTHrP promotes nu-
clear localization of HDAC4, mediated through dephosphorylation at
residue S246 by phosphatase PP2A (Kozhemyakina et al., 2009), while
the action of salt-inducible kinase 3 (SIK3) keeps HDAC4 in the cyto-
plasm (Sasagawa et al., 2012). Further, HDAC3 was shown to regulate
chondrocyte hypertrophy through inhibition of phosphatase leucine-
rich repeated phosphatase (PHLPP1), which in turn suppresses Akt
signaling (Bradley et al., 2013). Thus, HDAC4 may function at an earlier
stage of hypertrophy and HDAC3 at a later phase.

6.2. Metabolic and environmental dynamics of hypertrophic chondrocytes

An oxygen gradient exists in the avascular growth plate. The oxygen
tension, partial pressure (pO2), of the proliferative zone is estimated to
be 2-5 %, whereas that in the hypertrophic zone is estimated to be
0.5-1.0 % (Shapiro et al., 1997). Despite being located closer to the
vasculature at the ossification front, hypertrophic chondrocytes expe-
rience a lower oxemic state. This might be due to their enlarged size: a
lower surface-area-to-volume ratio might impede the intracellular
transport of oxygen. As a result, the upper hypertrophic chondrocytes
often exhibit stronger hypoxic signals, as detected by nitroimidazole EF5
and hypoxyprobe (Bentovim et al., 2012; Schipani et al., 2001). An early
study using 3'P NMR to assess ATP synthesis and hydrolysis kinetics
showed resting and hypertrophic chondrocytes use both glycolysis and
mitochondrial respiration for energy production, but glycolysis domi-
nates. Further, hypertrophic cells rely more on mitochondrial respira-
tion than the resting chondrocytes (Pollesello et al., 1991).

HIF-1a is a key transcription factor in the induction of a hypoxic
response. In the presence of oxygen, HIF-1a is hydroxylated by pyruvate
dehydrogenase (PHD), and the hydroxylated HIF1a is recognized by the
E3 ubiquitin ligase, pVHL, leading to proteasomal degradation. When
oxygen tension is low, HIF-1a is stabilized and translocated to the nu-
cleus, where it influences the expression of around 150 genes that are
either up or down regulated (Greijer et al., 2005), which are mostly
involved in energy metabolism or angiogenesis. HIF-1a-mediated hyp-
oxic response down-regulates the tricarboxylic acid cycle to reduce ox-
ygen consumption (Bentovim et al., 2012), allowing the central
chondrocytes to survive in a hypoxic milieu (Schipani et al., 2001), and
to process and secret ECM proteins from the endoplasmic reticulum
(Bentovim et al., 2012; Stegen et al., 2019). A major downstream target
of HIF-la is VEGF, which regulates angiogenesis (Semenza, 2012).
Overexpression of VEGF in growth plate chondrocytes was not sufficient
to prevent cell death in the HIF-1a-deficient growth plate (Maes et al.,
2012). Given that VEGF is not solely regulated by HIF-1a, it appears that
they function together as key regulators, balancing availability and the
handling of oxygen, while HIF-1a protects chondrocytes from excessive
hypoxia, limiting the need for oxygen consumption (Maes et al., 2012).

HIF-1a promotes a metabolic switch towards glycolysis via upregu-
lating a number of glycolytic enzymes, including phosphoglycerate ki-
nase (PGK) and lactate dehydrogenase (LDHA), leading to an increase in
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the concentrations of pyruvate and lactate (Pfander et al., 2004; Schi-
pani et al., 2001; Chen et al., 2022). Interestingly, co-treatment of
human chondrocytes with lactate and NaF, an oxidative phosphoryla-
tion inhibitor, can induce hypertrophy in vitro (Nishida et al., 2013). In
vivo, a conditional deletion (Aggrecan-cre-ERT2) of Ldha in chon-
drocytes reduced the number of hypertrophic chondrocytes in articular
cartilage after OA induction by meniscal-ligamentous injury (Arra et al.,
2020). This suggests lactate can drive chondrocyte hypertrophy. How-
ever, in the OA model, the switch in metabolic status is thought to be
driven by the presence of inflammation and reactive oxygen species
(ROS). Whether the developmental and pathological pathways to hy-
pertrophy share a similar metabolic switch to glycolysis is not clear, but
both hypoxia and ROS could induce similar downstream stress signals,
such as the unfolded protein response (UPR) (Hetz et al., 2020) or the
integrated stress response (ISR) (Pakos-Zebrucka et al., 2016; Costa-
Mattioli and Walter, 2020). Further, while ER stress is known to be a
contributing factor in skeletal dysplasia (Bateman et al., 2009; Boot-
Handford and Briggs, 2010; Tsang et al., 2010), ER stress in hypoxic
chondrocytes also plays a role in normal skeletal development (Patra
et al., 2007; Saito et al., 2009), supporting possible converging role as a
contributing factor to hypertrophy.

An increasing concentration of lactate may lead to progressive sta-
bilization of HIF-1a, as demonstrated in a study of adipocyte differen-
tiation (Feng et al., 2022). A similar situation might occur in
chondrocytes. Feng et al. (2022) showed that lactate can directly bind
and inhibit PHD2, thus preventing HIF-1a degradation. Indeed, stabili-
zation of HIF-la in cartilage leads to ectopic cellular enlargement
throughout the epiphyseal cartilage anlagen, including the reserve and
proliferative zones (Pfander et al., 2004; Chen et al., 2022), coupled
with enhanced expression of Col10al, Mmp13 and Ihh, all markers of
chondrocyte hypertrophy (Chen et al., 2022; Cheng et al., 2016).
Further, inactivation of HIF-1a leads to a loss of p575%P2 that is required
for proliferating chondrocytes to exit the cell cycle and enter hypertro-
phy (Schipani et al., 2001). Conversely, stabilization of HIF-1a results in
reduced proliferation of chondrocytes (Chen et al., 2022; Pfander et al.,
2004; Stegen et al., 2019). Thus, HIF-1a is necessary for the initiation of
hypertrophy. HIF-1a also regulates ECM production in the cartilage
growth plate, as it regulates the expression of cP4H, an enzyme that
catalyses hydroxylation of collagens in hypoxic growth plate cartilage
(Bentovim et al., 2012), in particular, the proline residues essential for
stabilization of the triple helical molecules and subsequent secretion
from cells (Berg and Prockop, 1973). Thus, HIF-1a would be needed for
the production of the various collagens in the different zones.

7. Hypertrophic chondrocytes and vascularization at the
chondro-osseous junction

The presence of hypertrophic chondrocytes is linked to the initiation
of cartilage mineralization and vascular invasion from the calcification
front, leading to the conversion to bony trabeculae. This is a sequential
erosion process, not a migration of the hypertrophic chondrocytes to-
wards the calcification front (Hunziker, 1994). It is essentially a coor-
dinated remodeling process, whereby the hypertrophic chondrocytes at
the chondro-osseous junction are responding to the changing environ-
ment from the calcification front (Ma et al., 2020), with three integrated
events, vascularization, mineralization and ECM remodeling.

VEGF, a potent angiogenic factor, is produced by hypertrophic
chondrocytes (Gerber et al., 1999). Invasion of blood vessels into
cartilage is associated with tissue-specific expression of VEGF in the
growth plate. Conditional inactivation of Vegf in Col2al-expressing
chondrocytes in mice impairs vascular invasion, leading to increased
death of hypertrophic chondrocytes (Zelzer et al., 2004). Similar
changes in the growth plate are seen when VEGF is sequestered by its
antagonist, Flt-(1-3)-IgG (Gerber et al., 1999). Vegf expression is asso-
ciated with the expression of Runx2 (Zelzer et al., 2001). Over-
expression of Runx2 in chondrocytes under a Col2al promoter
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enhanced chondrocyte hypertrophy and expression of Vegf (Takeda
et al., 2001). Such studies support the notion that Runx2 is a multi-
functional transcription factor in skeletal development, involved in
coordinating the sequential phases of endochondral ossification, as well
as the transdifferentiation to osteoblasts (Qin et al., 2020). However,
when Runx2 was conditionally inactivated in hypertrophic chon-
drocytes using Col10al-Cre/Runx2f*/foX mice, Vegf was not expressed
but vascularization at this site was not significantly impaired: enhanced
Vegf expression by osteoblasts in the bone collar was observed as a
possible compensation (Qin et al., 2020). Thus, VEGF from multiple
sources can contribute to vascular invasion of the cartilage.

8. Hypertrophic chondrocytes and biomineralization

Biomineralization requires a source of ions, and enzymes to facilitate
and regulate the process. To provide such an environment, hypertrophic
chondrocytes produce the ECM and coordinate the deposition of hy-
droxyapatite (HA) to the ECM. Transmission electron microscopy
showed high exocytotic activity in the plasma membrane of the hyper-
trophic chondrocytes, with budding vesicles proposed to be a source of
matrix vesicles (Anderson, 1969; Cecil and Clarke Anderson, 1978;
Akisaka and Gay, 1985; Buckwalter et al., 1987). Mineralizing matrix
vesicles are membrane bound particles of cellular origin, typically
containing proteins and lipids that chelate P; and Ca?*. There is a graded
distribution of matrix vesicles along the hypertrophic zone with varying
mineralizing competency. Vesicles with higher alkaline phosphatase
activity and that contain more P; and Ca?' are more competent (Boyan
et al., 1988; Kirsch et al., 1997; Lin et al., 2018).

While some studies showed hypertrophic chondrocytes can be a
source of matrix vesicles, a study of a 9-week-old mouse growth plate
suggested a significant contribution from the blood vessels (Haimov
et al., 2020). In fact, this study did not find evidence of hypertrophic
chondrocytes containing organelles with minerals that resemble matrix
vesicles or export of mineral to the surrounding matrix. However,
intracellular mineral particles were located within cells juxtaposed to
the blood vessels, likely to be osteoblasts (Haimov et al., 2020). Further,
matrix vesicles were found present within blood vessels but not within
cells in the blood vessels, consistent with an observation in chick em-
bryos (Kerschnitzki et al., 2016), and the view that minerals for bone
formation are supplied as ions in solution via the circulation (Neuman
and Neuman, 1953).

The formation of bone in close contact with blood vessels is also
consistent with this notion. Mineralization of cartilage and conversion to
bone take place in close association with hypertrophic chondrocytes
(Boyde and Jones, 1983) adjacent to blood vessels. Thus, an intimate
relationship exists whereby minerals from the blood vessels are depos-
ited onto the collagenous matrix produced by hypertrophic chon-
drocytes/osteoblasts, facilitated by the presence of matrix vesicles
(Morris et al., 1983). The discrepancy in whether hypertrophic chon-
drocytes act as a sources of matrix vesicles may be related to whether
this is studied prenatally and postnatally, or due to species differences in
the various studies, in which the mechanism may vary. The cellular
regulation of HA formation in vivo is not well understood, partly
because of the difficulty in visualizing the microscopic apatite. None-
theless, morphological studies coupled with the spatial gene expression
related HA formation at the hypertrophic zone have provided some in-
sights into how the calcium crystal is first formed within the matrix
vesicles prior to its release into the ECM (Cui et al., 2016).

Hypertrophic cartilage acts as a buffer zone between bone and
cartilage, to suppress mineralization in the cartilaginous zones. In
addition to various enzymes that regulate mineralization, hypertrophic
chondrocytes express a vitamin K-dependent calcification inhibitor,
Matrix Gla Protein (MGP) (Ikeda et al., 1992; Luo et al., 1997; Yagami
et al., 1999). MGP protects cartilage from being annexed by calcifica-
tion, and fine tunes the tempo of crystal nucleation at the hypertrophic
zone in synchrony at the ossification front. This is consistent with its
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expression at the periphery of the developing SOC and the upper region
of the growth plate (Dan et al., 2012; Ikeda et al., 1992; Luo et al., 1997).
Thus, deletion of Mpg in mice resulted in ectopic mineralization of the
cartilage including the growth plate, together with the calcification of
several vascular tissues. This was accompanied by abnormal cellular
organization in the growth plate, producing mice with short stature and
reduced lifespan, characteristics similar to Singleton-Merten syndrome
(Luo et al., 1997). In contrast, overexpression of Mpg in the developing
chick limb inhibited cartilage mineralization with delayed chondrocyte
maturation and endochondral ossification (Yagami et al., 1999). Type X
collagen as a specific marker of hypertrophic chondrocytes has been
implicated in regulating the distribution of matrix vesicles in the hy-
pertrophic zone: in Coll10al-null mice, abnormal transposition of matrix
vesicles and proteoglycan granules towards the proliferating zone was
observed (Kwan et al., 1997), suggesting type X collagen negatively
regulates mineralization through compartmentalization of matrix vesi-
cles and ECM components.

Another inhibitor of ECM mineralization is extracellular inorganic
pyrophosphate (PP;), produced when nucleotide pyrophosphatase/
phospho-diesterase-1 (NPP1) catabolizes extracellular ATP (Meyer,
1984; Harmey et al., 2004; Hessle et al., 2002; Terkeltaub, 2001;
Majeska and Wuthier, 1975). Intracellular PP; is transported to the ECM
via the channeling function of the ankylosis protein (ANK) (Ho et al.,
2000). Within the mineralizing milieu, tissue-nonspecific alkaline
phosphatase (TNAP) fine tunes the level of extracellular PP;, maintain-
ing a permissive P;/PP; ratio for proper bone mineralization (Johnson
et al., 2000). While our understanding of the role of these regulators of
mineralization is largely from in vitro studies of osteoblasts or global
gene inactivation in mice, the mechanism is likely to be similar in hy-
pertrophic cartilage where matrix vesicles and Akp2 are involved in HA
crystal formation (Harmey et al., 2004).

9. Extracellular matrix remodeling of the hypertrophic cartilage

The hypertrophic cartilage is situated between the sites of two
discrete and tightly coordinated matrix remodeling events. One involves
the conversion of an avascular and nonmineralized cartilage matrix
from the proliferative zone to a mineralized hypertrophy cartilage
infiltrated with blood vessels. This is represented by the degradation of a
type II collagen-containing ECM (Mwale et al., 2002), rich in pro-
teoglycans, and its replacement with ECM produced by hypertrophic
cartilage containing type X collagen and different proteoglycans. The
second event is the conversion of the hypertrophic cartilage to bone, and
a switch to a type I collagen-containing matrix with structural glyco-
proteins conducive for mineralization and establishment of the bony
trabeculae.

The ECM provides not only the structural support to the growing
physis, but also critical information to the cells within, such as me-
chanical signals and the signaling molecules entrapped within the ECM,
with graded changes from the pericellular, to the territorial and the
inter-territorial matrix (Wilson et al., 2012; Prein and Beier, 2019). The
process of endochondral ossification is highly organized and balanced:
progressive alterations in the composition and organization of the ECM
accompany the cellular changes, and vice versa, such that the rate of
bone formation matches the rate of chondrocyte proliferation and hy-
pertrophy (Blair et al., 2002). This review will not address the ECM
composition, but rather, the matrix metalloproteinases (MMPs), en-
zymes that are involved in ECM degradation (Ortega et al., 2004), in
particular, the complex conversion of hypertrophic cartilage to bone.

The ECM produced by and surrounding the hypertrophic chon-
drocytes is in part degraded by the cells themselves at the chondro-
osseous junction, as well as by osteoblasts that degrade the mineral-
ized cartilage, and become permissive to vascularization and bone for-
mation. Known key enzymes involved are MMP9, MMP13 (MMP1 in
human) and MMP14 (MT1-MMP) (Ortega et al., 2004; Ortega et al.,
2010; Stickens et al, 2004), produced by the hypertrophic
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chondrocytes. MMP9 and MMP10 also come from the endothelial cells
of the invading capillaries (Vu et al., 1998). Given that type X collagen
contains multiple MMP cleavage sites (Ninomiya et al., 1986), degra-
dation of type X collagen is likely the initiation event, while the activity
of the MMPs is further regulated by the presence of tissue inhibitors of
MMPs (TIMPs 1-4).

Hypertrophic chondrocytes also express RANKL (Kishimoto et al.,
2006; Xiong et al., 2011), a ligand that binds to RANK, its receptor that is
present on the surface of preosteoclasts, regulating osteoclast matura-
tion and activity. This intimate relationship ensures an orderly removal
of the mineralized matrix. Osteoclasts distinguished by the expression of
tartrate-resistant acid phosphatase (TRAP) provide additional MMPs
(MMP9, 10 and 14), and produce the acidic microenvironment required
for demineralization (Blair et al., 1989; Ortega et al., 2010; Vu et al.,
1998; Bord et al., 1998). Thus, the conditional inactivation of Rankl
using Col10al-Cre or Ocn-Cre in mice leads to an enlarged hypertrophic
zone because of reduced osteoclast activity at the ossification front
(Xiong et al., 2011). MMP9 activity is concentrated proximal to the
chondro-osseous junction, where vascular invasion occurs, and its role is
reinforced by the three concerted sources of this enzyme (Vu et al., 1998;
Lee et al., 1999) (Fig. 2). Inactivation of Mmp9 in mice leads to a pro-
nounced phenotype at the primary site of ossification but little alteration
at the secondary site (Vu et al., 1998), indicating differences between
these ossification centers and differential MMP requirements.

Inactivation of Mmp13 in mice also results in a mildly expanded
hypertrophic zone (Inada et al., 2004; Stickens et al., 2004), demon-
strating its role produced by hypertrophic chondrocytes. Inactivation of
MMP9 and MMP13 together caused greater expansion of the hypertro-
phic zone, accompanied by reduced breakdown of aggrecan (Stickens
et al., 2004). Thus, MMP9 and MMP13 act together in primary and
secondary ossification. MT1-MMP (MMP14) is a membrane-bound MMP
(Sato et al., 1994). Unlike in Mmp9-null mice, inactivation of Mt1-mmp
had little effect on the primary ossification, but more on secondary
ossification (Zhou et al., 2000), supporting site-specific differences in
MMP requirements. In summary, proteolytic activity of MMPs at the
chondro-osseous junction not only remodels the ECM but also indirectly
assists in the recruitment of different cell types, communication, and
function, primed by the expression of Runx2, that regulates the
expression of Vegf and Mmp13.

10. Plasticity of chondrocytes and hypertrophic chondrocyte

The lineage progression of chondrocyte differentiation in endo-
chondral ossification signifies a unidirectional process under the control
of the in vivo environment in normal development. As for many tissues
and organs, maintaining the cellular phenotype in vitro is very difficult,
particularly so for chondrocytes. Chondrocytes released from their
endogenous environment by enzymatic digestion and cultured in a 2D
monolayer condition will quickly dedifferentiate, with morphological
and gene expression changes (Benya et al., 1978). The dedifferentiation
is progressive and happens quickly within 2-3 passages (Lefebvre et al.,
1990). The initial changes are upregulation of the expression of fibro-
blastic genes (type I collagen and versican) with proliferation. Subse-
quent passaging/expansion leads to downregulation of expression of
chondrocyte genes (type II collagen and aggrecan) (Von Der Mark et al.,
1977; Lefebvre et al., 1990; Lin et al., 2008).

Extensive passaging reduces the potential to be re-differentiated
(Kang et al., 2007). Re-differentiation to a more chondrogenic pheno-
type can be achieved by culturing the dedifferentiated cells in a 3D
environment, in agarose (Benya and Shaffer, 1982) or alginate beads
(Lemare et al., 1998). Further, the chondrogenic phenotype of primary
chondrocytes can be maintained better as pellet cultures (Yeung et al.,
2019), suggesting cell shape is an important characteristic. However,
treatment of dedifferentiated chondrocytes with dihydrocytochalasin B
can lead to re-expression of chondrocyte genes without much change in
cell shape (Benya et al., 1988), suggesting signals associated with
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microfilament cytoskeletal structure are part of the regulatory mecha-
nism, perhaps proximal to changes in cell shape.

Indeed, an interplay between cytoskeletal polymerization and the
chondrogenic phenotype in chondrocytes passaged in monolayer culture
has been demonstrated (Parreno et al., 2017). This study showed that
actin polymerization status regulates chondrocyte dedifferentiation, and
reorganization of the cytoskeleton by actin depolymerization may be an
active redifferentiation regulatory mechanism. The capacity for dedif-
ferentiation and redifferentiation clearly show plasticity characteristics
of chondrocytes. For redifferentiation, some intrinsic chondrogenic
signals are gradually lost with population doubling, established to be
around 4 doublings (Giovannini et al., 2010). On the other hand,
chondrocytes can be efficiently expanded and induced to have mesen-
chymal stem/stromal cell (MSC) characteristics by using supplements
such as FGF2, and the resultant dedifferentiated cells are able to direct
ectopic cartilage and bone formation in BALB/c nude mice (Lee et al.,
2017). However, when dedifferentiated chondrocytes were generated in
MSC culture medium, there was a preference for redifferentiation to
cartilage and not bone (Lee et al., 2017). Thus, it is possible to modify
and direct the dedifferentiation process through addition of growth
factors and/or choice of culture medium.

Dedifferentiation of hypertrophic chondrocytes has not been studied
in the same in vitro context. The plasticity of hypertrophic chondrocytes
was demonstrated in mouse models of MCDS (Warman et al., 1993) and
reviewed in (Chan and Jacenko, 1998; Bateman et al., 2005). Almost all
the mutations in these models are in the NC1 domain of type X collagen,
affecting trimer assembly (Chan et al., 1996; Chan et al., 1995) or
cleavage of the signal peptide (Chan et al.,, 2001), and severely
impairing secretion from the endoplasmic reticulum. However, the
primary molecular consequence appears not to be due to an absence or
reduced concentration of type X collagen in hypertrophic cartilage,
consistent with there being little or no observable phenotype in mice
after inactivation of Coll10al (Kwan et al., 1997; Rosati et al., 1994).
However, transgenic (Ho et al., 2007; Tsang et al., 2007) or gene tar-
geted (Rajpar et al., 2009; Forouhan et al., 2018) mice with equivalent
human mutations in the mouse Coll0al gene recapitulated the human
MCDS characteristics with short limbs and coxa vara. Thus, the molec-
ular consequence is not a loss-of-function, but a gain-of-function from
misfolded type X collagen chains activating the UPR (Tsang et al., 2007).

The cellular outcome observed in the MCDS mouse models is due to
redifferentiation or reprogramming of the hypertrophic chondrocytes to
a more immature state, closer to pre-hypertrophic or proliferative
chondrocytes, interrupting endochondral ossification, resulting in
reduced bone growth and dwarfism (Tsang et al., 2007) (Fig. 2). At the
molecular level, the reprogramming is associated with the PERK/ATF4
axis of the UPR, where ATF4 can transactivate the expression of Sox9 in
hypertrophic chondrocytes (Wang et al., 2018). The involvement of the
UPR and ATF4 was confirmed when pharmacological treatments with
inhibitors of the UPR (Wang et al., 2018) and enhanced removal of the
misfolded proteins using carbamazepine (Mullan et al., 2017; Forouhan
et al., 2018) partially restored endochondral ossification and bone
growth. This ability of chondrocytes to transition between prehyper-
trophic and hypertrophic states implies an intrinsic plasticity. The de-
gree of reprogramming of hypertrophic chondrocytes in MCDS mice is
dosage dependent, reflected in different levels of UPR activation in mice
heterozygous or homozygous for the mutant alleles (Kung et al., 2012).
Indeed, hypertrophic chondrocytes have some capacity to cope with ER
stress without triggering the UPR (Kung et al., 2012), which is consistent
with the need for survival in a harsh hypoxic environment, and the
general integration of the cellular stress pathways via the integrated
stress response (Costa-Mattioli and Walter, 2020; Pakos-Zebrucka et al.,
2016).

The precise mechanism by which cellular stress pathways contribute
to the intrinsic plasticity of hypertrophic chondrocytes remains to be
determined. There are indications that other cellular surveillance
mechanisms may be involved. Most COL10A1 mutations that cause
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MCDS are associated with aspects of protein misfolding and stability of
the triple helix, with the potential of activating the UPR. However, an
autosomal recessive chondrodysplasia with severe short stature caused
by a ¢.133C > t (p.pro45Ser) mutation in the NC2 domain of COL10A1
was reported for a large consanguineous family (Ain et al., 2018). Het-
erozygous carriers exhibited a mild form of dwarfism, while homozy-
gous individuals had severe skeletal dysplasia and marked lower limb
deformities. Based on the known biochemistry of type X collagen
biosynthesis, this mutation would not be expected to interfere with
intracellular processing and secretion of the mutant molecule. How this
might be associated with reprogramming of hypertrophic chondrocytes
is unclear. Further, nonsense mutations in COL10A1 have been shown to
activate nonsense-mediated mRNA decay (NMD), by which the mutant
mRNA is preferentially degraded (Tan et al., 2008; Bateman et al.,
2003).

NMD is a mechanism by which cells survey and control the quality of
mRNAs. Mutated mRNAs are actively degraded to protect the integrity
of the transcriptome (Kurosaki et al., 2019). In MCDS patients hetero-
zygous for a p.Y632X mutation in COL10A1, mutant mRNAs were not
detected in the growth plate cartilage (Chan et al., 1998), suggesting
complete degradation by NMD. While this leads to haploinsufficiency
for type X collagen, the disease mechanism is likely linked to NMD.
Interestingly, distinct cross talk exists between the cellular stress path-
ways and the ISR that modulates the NMD (Kurosaki et al., 2019). For
example, activation of the PERK sensor leads to the phosphorylation of
elF2a and suppression of NMD. NMD suppression enables the expression
of NMD targets, including ATF4, CHOP and ATF3, which alleviate
cellular stress. Thus, active UPR/ISR and NMD could play a role in hy-
pertrophic chondrocyte plasticity. Of note, NMD was recently shown to
be a potential modulator of malignancy in cancer biology (Tan et al.,
2022).

11. Hypertrophic chondrocytes can transit to become
osteoblasts and adipocytes

The fate of hypertrophic chondrocytes has long been debated. While
the notion that hypertrophic chondrocytes undergo apoptosis in endo-
chondral ossification, and the hypertrophic cartilage is replaced by bone
has dominated the field (Anderson and Parker, 1966; Bentley and Greer,
1970; Hanaoka, 1976; Hunziker et al., 1984; Farnum and Wilsman,
1989), the opposing theory is that hypertrophic chondrocytes can
transdifferentiate to osteoblasts (Crelin and Koch, 1967; Lutfi, 1971;
Aghajanian et al., 2017; Moskalewski and Malejczyk, 1989; Shimomura
et al., 1975; Kahn and Simmons, 1977; Yoshioka and Yagi, 1988; Galotto
et al.,, 1994). These theories are primarily based on morphological
studies of in vivo and ex vivo chondrocytes and hypertrophic chon-
drocytes in mammalian and avian growth plate cartilage. A mechanism
that reconciles both theories was proposed, by which osteogenic dif-
ferentiation of hypertrophic chondrocytes involves asymmetric cell di-
vision, where one daughter cell transdifferentiates to an osteoblast,
while the other undergoes apoptosis (Roach et al., 1995) (Fig. 2). This
study in femur growth plate of 14-day-old chick embryos in organ cul-
tures was based on the electron micrograph finding of two cells with
different morphologies in the one lacuna, with one cell showing evi-
dence of active protein synthesis containing many ribosomes and rough
endoplasmic reticulum, while the other appeared to have disintegrated
(Roach et al., 1995).

While apoptosis of hypertrophic chondrocytes does occur in endo-
chondral ossification, recent studies showed that it is of relatively low
prevalence. Compelling evidence for a transition to osteoblasts comes
through studies using genetic tools in mice to mark hypertrophic
chondrocytes and their descendants (Coll10al-mCherry, Col10al-GFP),
or inducible cell lineage tracing studies in mice of chondrocytes (Col2al-
Cre™,; Acan—CreERTZ) or hypertrophic chondrocytes (BACCol10Cre,
Col10a1™2-Cre, Coll0al-Cre; Coll0al-Cret®12), Although in some of
these Cre mice, expression in the desired cell types is imperfect due to

Bone Reports 19 (2023) 101698

the use of transgenes under the control of Col2al and Col10al promoters
and regulatory elements, these studies together have provided strong
support for a lineage of chondrocytes to hypertrophy, and then transi-
tion to osteoblasts (Yang et al., 2014a; Yang et al., 2014b; Zhou et al.,
2014b), which has been reviewed (Hallett et al., 2021; Javaheri et al.,
2018; Kodama et al., 2022; Tsang et al., 2015; Wang et al., 2022b). As
Coll0al is specifically expressed by hypertrophic chondrocytes in the
growth plate, lineage tracing using Col10al-Cre mice provided the most
direct evidence, and the transgenic BacCol10Cre (Gebhard et al., 2008)
and the gene-targeted Col10al-CreERT2 (Yang et al., 2014b) mice pro-
vided the most specific expression of the Cre recombinase in hypertro-
phic chondrocytes (Yang et al., 2014b; Zhou et al., 2014b), as
demonstrated when crossed with ROSA reporter mice.

Hypertrophic chondrocytes express many osteoblast genes, such as
alkaline phosphatase (Alpl), osteocalcin (Ocn/Bglap) and osteopontin
(Opn/Bsp-I), but not type I collagen (Collal) (Gauci et al., 2019; Miao
et al., 2004), suggesting that they may be “primed” to become osteo-
blasts. A transition to Collal-expressing osteoblasts from Acan-
expressing cells (AcanCre™®T2) (Henry et al., 2009) was demonstrated
using an osteoblast reporter, 2.3 kb Collal-GFP: the descendants, Rosa-
Tomato positive cells, expressed GFP, presumably via a hypertrophic
chondrocyte intermediate (Zhou et al., 2014b). Collal expression was
also identified in descendent cells marked in the Coll10al-CreERT2/
Rosa-LacZ mice (Yang et al., 2014b). Indeed, these cells further matured
to Sclerostin (Sost)-expressing osteocytes in trabecular and cortical bones
(Yang et al., 2014b) at prenatal (E15.5-E18.5), early postnatal (P5-10)
and adult (3 months) stages. The precise contribution of this osteoblast
lineage to the primary spongiosa is not clear but is estimated to be
around 10-30 % for endochondral ossification in the growth plate in
early postnatal life in mice (Yang et al., 2014b; Park et al., 2015). The
functional role of this chondrocyte transition lineage to osteoblasts also
has not been studied, but differences exist in the expression level of
osteogenic genes (Runx2, Sp7, Bsp-II) in relation to their origin (sub-
chondral, trabecular and cortical), as well as VEGF-A in association with
the vasculature (Shah et al., 2015; Clarkin and Olsen, 2010).

The transition mechanism and the molecular signals involved are
also not clear. Given the important role of the transcription factor,
Runx2, in chondrocyte hypertrophy and osteogenesis, it is not surprising
that it also plays a key role in the transition process (Qin et al., 2020), as
does the level of SOX9, in that inactivation of Shp2 using BacCol10al-Cre
(Gebhard et al., 2008) leads to elevated and sustained level of SOX9 in
hypertrophic chondrocytes, impairing the transition to osteoblasts
(Wang et al., 2017) (Fig. 2). Both WNT and IHH signals are osteogenic
and are likely to play a role. Inactivation of f-catenin using either Acan-
CreERT2 or Coll0al-Cre resulted in less “chondrocyte-derived” bone,
whereas activation of p-catenin using Acan-CreERT2 enhanced the
transition to bone (Jing et al., 2018). IHH signaling mediates in part the
activation of Runx2 and Osx via GII2 (Shimoyama et al., 2007). A recent
study showed that IHH signaling orchestrates the cartilage-to-bone
transition independently of Smoothened (Smo) (Wang et al., 2022a).
Inactivation of Smo in hypertrophic chondrocytes (Col10al-CrefR?) had
little effect on growth plate function, but inactivation of Ptchl, which
normally suppressed SMO activity in the absence of IHH, disrupted the
forming primary spongiosa with active proliferation of hypertrophic
chondrocyte-derived osteoblasts, and impaired maturation to osteo-
cytes. The details of how IHH-related signaling operates remains to be
elucidated (Wang et al., 2022a), with possible interaction with systemic
level of thyroid hormone through receptors, TRal and TRp1 (Aghaja-
nian et al., 2017).

The pathway by which a hypertrophic chondrocyte becomes an
osteoblast is still unclear. It may not be a direct transdifferentiation but
occur via dedifferentiation to an intermediate with stem/progenitor cell
properties, which would require a significant reduction in cell size. How
this could be achieved is uncertain. One possibility is via asymmetric cell
division (Roach et al., 1995), and cytoskeletal changes observed in in
vitro dedifferentiation (Rodriguez et al., 2004). Re-entry into the cell
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cycle could also contribute to this cell shrinkage (Hu et al., 2017). This
study analyzed the cartilage to bone transformation during fracture
healing, supported by the incorporation of BrdU and expression of Ki-67
by hypertrophic chondrocytes at the transition zone. Pluripotent factors
such as Sox2, Oct4 and Nanog are activated in hypertrophic chon-
drocytes at this zone, consistent with a dedifferentiation or reprogram-
ming event. Furthermore, there is a transition to a more osteogenic
signature with the expression of Collal (Hu et al., 2017), consistent with
similar findings in the growth plate and primary ossification center
(Yang et al., 2014b; Park et al., 2015). Indeed, small Col10al+ (Bac-
Col10alERT2/Rosa-YFP)-descendent cells expressing Osx with mitotic
(BrdU incorporation) activity were identified by confocal microscopy,
supporting the presence of transitory cells or chondrocyte-derived
osteoprogenitor cells (Park et al., 2015). Isolated chondrocyte-derived
osteoprogenitor cells are small (4-6 pm in diameter), express typical
osteogenic (Collal, Osx and Runx2), and stem cell (CD34, Scal, Sox2,
and c-Myc) genes, and differentiate into osteoblasts in vitro (Park et al.,
2015).

The fate of hypertrophic chondrocytes appears to go beyond endo-
chondral ossification: they also provide marrow-associated skeletal stem
and progenitor (SSPC) cells (Long et al., 2022). Single cell transcriptome
analysis of prenatal and postnatal skeletal rudiments of Coll0al-
CrefRT2,Rosa26f tdTomato  5n4  Col10al-Cre;Rosa265dTomate  mice
confirmed the presence of hypertrophic chondrocyte-derived osteopro-
genitors expressing SP7 that had re-entered the cell cycle (Park et al.,
2015), but also identified hypertrophic chondrocyte-derived SSPCs that
were dually primed for both osteoblast and adipocyte differentiation in
the marrow space (Long et al., 2022). The transition via a progenitor
state is consistent with a finding in zebra fish where chondrocytes re-
enter the cell cycle and express leptin receptor (Lepr) (Giovannone
et al., 2019). These cells marked by Sox10 and Col2al, contributing to
mesenchymal cells, osteoblasts, and marrow adipocytes within adult
bone (Giovannone et al., 2019). Further, a study in mice showed that
IRX3 and IRXS5 are critical in the hypertrophic chondrocyte lineage de-
cision to osteoblasts by inhibiting the adipogenic fate (Tan et al., 2020).

The characteristics of these SSPCs are similar to those of previously
identified SSPCs: both express Pdgfra, Ly6a, Lepr, and Cxcl12 (Chan
et al., 2015; Zhou et al., 2014a; Ambrosi et al., 2017; Bohm et al., 2019).
Together, these exciting findings provide new insights into the fate of
hypertrophic chondrocytes, suggesting that these cells are not termi-
nally differentiated but have continued roles in osteogenesis in both
prenatal and postnatal life, and in skeletal homeostasis and repair in
postnatal life (Fig. 2).

12. Conclusion

The dogma that hypertrophic chondrocytes are terminally differen-
tiated cells destined to die has been challenged for decades. Much of
what we know about hypertrophic chondrocytes comes from studies of
rodent and avian skeletal development. Their unique spatial location
within the cartilage growth plates and their lineage derived from pro-
liferative chondrocytes through hypertrophy, with an expansion of
almost 10x in cell volume, has puzzled researchers—what is the need
for such an expansion, following the highly proliferative phase in
endochondral ossification? The rapid change in the ECM composition
has prompted the hypothesis that hypertrophic cartilage is a transition
tissue between cartilage and bone, and prepares the cartilage for a
conversion to bone. Indeed, hypertrophic cartilage serves this purpose
together with invasion of vasculature.

This review summarized the current understanding of the role of
hypertrophic chondrocytes in endochondral ossification. Studies using
current molecular and genetic tools in mice support the century-long
view of many researchers that hypertrophic chondrocytes are not
terminally differentiated and could become bone cells, possibly through
a transition process of dedifferentiation to a more progenitor-like cells
and then redifferentiation to osteoblasts. While the precise role for this
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osteoblast lineage has yet to be delineated, it accounts for a significant
fraction, varying between estimates of 15-80 % of the hypertrophic
chondrocytes transitioning to osteoblasts in the primary spongiosa
during prenatal, postnatal bone growth, and in fracture repair in mice
(Long et al., 2022; Park et al., 2015; Qin et al., 2020; Yang et al., 2014b;
Zhou et al., 2014b). It might also contribute to postnatal skeletal health
as a source of SSPCs.

Hypertrophic chondrocytes are found at other sites, such as the
cartilage to annulus fibrosus interface of the intervertebral discs and the
enthesis of the tendon to bone insertion sites. These cells are not tran-
sient, and their role has not been well studied. Given the plasticity of
hypertrophic chondrocytes as reviewed, it is tempting to speculate they
could also have a role as progenitor cells contributing to the mainte-
nance of the adjacent tissues, in addition to providing a junctional tissue
or barrier between soft and hard tissues. However, hypertrophic chon-
drocytes also contribute to cartilage pathology, for example, in osteo-
arthritis. Whether hypertrophic chondrocytes at the different sites in
healthy and pathological states are the same is unclear. This would
require a thorough assessment of human tissues and animal models,
perhaps leveraging on the state-of-the-art technology in single cell and
spatial transcriptome to compare Coll0al/COL10A1 expressing cell
populations. This could also provide insight into the possible presence of
hypertrophic chondrocytes in a “progenitor” state or non CollOal-
expressing hypertrophic chondrocytes in OA conditions, or whether in
vitro differentiation protocol can progress to bona fide hypertrophic
chondrocytes. Therefore, if we can understand the environment in
which chondrocyte hypertrophy is prevented in healthy tissue, with the
possibility of preventing or delaying ossification, or even reverting the
differentiation process through the control of cellular stress signals,
more innovative therapeutic options using small molecules can be
achieved.
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