
European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14 ISSN 1473-2262

www.ecmjournal.org 219

Review

EMERGING ROLE OF HYPERTROPHIC CHONDROCYTES IN
TISSUE REGENERATION AND FRACTURE HEALING: A

NARRATIVE REVIEW
D.Y. Zhu1,2, G. Li1,3, H.Y. Fang1,2 and Y.S. Gao1,2,*

1Division of Hip Surgery, Department of Orthopedic Surgery, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine, 200233 Shanghai, China

2National Medical Center for Orthopedics, 200233 Shanghai, China
3Shanghai Jiao Tong University School of Medicine, 200025 Shanghai, China

Abstract

Fracture healing is a complex event that involves the coordination of various different processes, including intramembranous and endo-
chondral bone formation. When facing fracture nonunion or delayed union, few organizational engineering structures can achieve the
desired results. The main reason for this is that they cannot recapitulate the cellular morphology, biology, and mechanical functions
of natural tissues. Ten years ago, the term Development Engineering was coined to refer to the use of developmental processes as a
blueprint for designing and developing engineered live implants. Different sources of cells have been used as seed cells in developmental
engineering. Among them, hypertrophic chondrocytes have attracted worldwide attention. Hypertrophic chondrocytes are the terminal
state of growth plate chondrocytes, leading to degenerative maturation. Hypertrophic chondrocytes mediate crosstalk by regulating cell-
matrix degradation, vascularization, osteoclast recruitment, and osteoblast differentiation. Furthermore, hypertrophic chondrocytes can
transdifferentiate into osteoprogenitors and mature osteoblasts, and directly promote woven bone formation. In summary, elucidating
the role of hypertrophic chondrocytes will contribute to understand of the physiological mechanism of fracture healing, research and
development of novel therapeutic modes of developmental engineering, and further promotion of fracture healing.
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Introduction
Fractures are the most common types of large organ

trauma in humans (Einhorn and Gerstenfeld, 2015). Frac-
tures heal through two different processes: primary (direct)
or secondary (indirect) healing. In primary healing, mes-
enchymal cells directly differentiate into osteoblasts and
form strong bone callus in the area near the fracture and un-
der the periosteum (intramembranous ossification). In sec-
ondary healing, chondrocytes form cartilage callus in the
middle of the fracture and connect the two ends of the frac-
ture (endochondral ossification) (Salhotra et al., 2020). The
process of endochondral bone formation is similar to long
bone development. Mesenchymal precursor cells aggre-
gate, differentiate into chondrocytes and sequentially un-
dergo proliferation, maturation, hypertrophy, and terminal
differentiation in sequence (Hu et al., 2017; Kronenberg,

2003; Tsang et al., 2015). The transition from cartilage to
bone is essential for fracture stability and rigidity in frac-
tures. A delay or failure of this process results in impaired
bone healing, such as nonunion or delayed union (Cheng et
al., 2020; Julien et al., 2020; Wang et al., 2015).

Multiple processes are involved in cartilage-to-bone
transition, such as cartilage matrix degradation, vascular in-
vasion, and bone formation. Several cell populations, in-
cluding chondrocytes, bone cells, osteoclasts, and endothe-
lial cells are involved in these events. Hypertrophic chon-
drocytes located at the border between the soft and hard cal-
lus play an intermediary role. Degradation of the avascular
cartilage matrix is initiated by hypertrophic chondrocytes,
recruitment of other types of cells and vascular migration.
Hypertrophic chondrocytes also express vascular endothe-
lial growth factor (VEGF), which induces vascularization
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and accelerates the degradation of the cartilage matrix. In
addition, hypertrophic chondrocytes promote osteogenesis
by producing growth factors, such as bone morphogenesis
protein 2 (BMP-2) (Kodama et al., 2022; Long et al., 2022).
Hypertrophic chondrocytes can also differentiate into os-
teoprogenitors that directly promote bone formation. Thus,
hypertrophic chondrocytes play an important role in endo-
chondral bone formation and are critical in all stages of frac-
ture healing.

The classic tissue engineering paradigm seeks to de-
velop live implants for the repair, maintenance, or replace-
ment of damaged or missing tissues and organs. Live im-
plants are formed by binding cells, scaffolds, or chemical
stimuli. After nearly 40 years, many clinical trials involv-
ing tissue engineered products are ongoing. However, in
terms of commercial products, the actual results to date
have been limited. More than a decade ago, a paradigm
shift from classical tissue engineering to developmental en-
gineering was proposed, using the developmental process
as a blueprint for tissue and organ regeneration (Lenas et al.,
2009). The biomimetic strategies can not only restate the
successful formation of tissues and organs of interest, but
also achieve this by restating the required process-related
features, including regulation, autonomy, and robustness.
Since the term ‘developmental engineering’ was coined
more than a decade ago, research on this strategy has flour-
ished in all organ systems.

Bone Development
Skeletogenesis begins at the fetal stage. Bones are de-

rived from three different embryonic structures: (1) somite,
which generates axial bones, (2) lateral plate, which gener-
ates limb bones, and (3) nerve crest, which generates cran-
iofacial bones (Teti, 2011). Skeletogenesis begins when
mesenchymal cells from these embryonic lineages migrate
to sites of future bones (Helms and Schneider, 2003). They
then form condensations of high cellular density. In con-
densations, mesenchymal cells differentiate into chondro-
cytes, forming an avascular cartilaginous temple (endo-
chondral ossification), or osteoblasts, directly forming bone
(intramembranous ossification).

Intramembranous Ossification
Intramembranous ossification is the primitive form of

ossification. The flat bones are formed by intramembranous
ossification, involving the clavicles, mid-shaft of the long
bones, frontal and parietal of the skull bones, mandible,
maxilla and parts of the temporal and occipital bones (Teti,
2011). The mesenchyme derived from the cranial neural
crest condenses into compact nodules that contribute to the
ossification of the skull. Unlike the process of endochon-
dral ossification, bone is formed without a cartilaginous
intermediate. While some mesenchymal stem cells lead
to capillaries, others generate osteoprogenitors, which be-
come the osteoblast lineage. Osteoid components are then

secreted into the mesenchyme and evolve into mineralized
osteoblasts in the lacunar spaces, where they evolve toward
an osteocytic phenotype. For the flat bones of the skull,
the external and internal tables are formed by the initial
spicules, and the diploe is formed by the inner spicules.
In the mid-shaft of the long bones, the cortical bones are
formed by the apposition of a new matrix by osteoblasts
(Teti, 2011).

Endochondral Ossification
Endochondral bone formation is the basic process of

hard tissue biology. This is the process by which many
bones are formed and is also the primary way to increase
the length of long bones. The replacement of cartilage
with mineralized bone during endochondral ossification is
a complex process triggered by the differentiation of prolif-
erating chondrocytes into a non-proliferative hypertrophic
state in the center of cartilage anlagen. Osteoblast progeni-
tors, osteoclasts, vascular endothelial cells, and hematopoi-
etic cells then invade hypertrophic cartilage from the peri-
chondrium. Hypertrophic cartilage is absorbed, the pene-
trating osteoblast progenitors differentiate into osteoblasts,
and hematopoietic and endothelial cells establish the bone
marrow where they become the primary ossification center
(Maes et al., 2010; Rolian, 2020). Osteoblast progenitors in
the perichondrium differentiate into osteoblasts, which de-
posit the cortical bone around the cartilage anlage (Berend-
sen and Olsen, 2015; Pitsillides and Beier, 2011; Zhang
et al., 2023). With age, growth plates become thinner and
are eventually replaced with bone at various times after pu-
berty. The growth plates consist proliferative (specifically
expressing Sox9 andCol2a1), prehypertrophic (specifically
expressing Sox9, Foxa2/3, Mef2c and Ihh), and hyper-
trophic (specifically expressingMmp13, Spp1 andRunx2/3)
chondrocytes. The process of endochondral bone forma-
tion is usually triggered by programmed cell death of hy-
pertrophic chondrocytes, and matrix metalloproteinase-13
(MMP13) and MMP9 then initiate absorption of the trans-
verse mineralized matrix, along with the invasion of angio-
genic cells and osteoblasts from the underlying bone mar-
row (Mackie et al., 2011). In this process, chondrogenesis
serves mainly as a means of producing hypertrophic chon-
drocytes, which in turn initiate subchondral bone formation
by other cells. The transition of hypertrophic chondrocytes
to osteoblasts also plays a major role in endochondral bone
formation.

Developmental Engineering and
Hypertrophic Chondrocytes

Bone fracture healing is a postnatal regenerative pro-
cess that recapitulates the ontological events of embryonic
skeletal development. Fracture healing is one of the few
postnatal processes that are truly regenerative, restoring
the fractured bones to their pre-injury cellular composition,
structure, and biomechanical function. However, previous
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Table 1. The advantages and disadvantages of different cell sources for developmental engineering.
Cell sources Advantages Disadvantages

Bone marrow-derived
mesenchymal stem cells

High potential to differentiate into hypertrophic
chondrocytes most frequently used

Donor variability, invasive harvesting protocols, difficulty
expanding cells in vitro

Adipose-derived stem
cells

Multilineage potential, easily accessible, mini-
mally invasive procedure

Complex processing protocol, long-term in vitro expan-
sion procedures

Embryonic stem cells Potential to differentiate into many cell types Ethical objections, immune rejection, teratoma formation
Hypertrophic chondro-
cytes

The constitution of cartilage, the essential process
of endochondral ossification, stimulation of both
osteogenesis and vasculogenesis

Phenotype stability, in vitro expansion

Fig. 1. The successful implantation of hypertrophic cartilage tissues in vivo. (A-F) Three-dimensional CT reconstructions and
quantitative data indicate higher bone quantity of late hypertrophic samples. (G-L) Trabecular-like structures and positive staining of
OCN and COL X can be found in late hypertrophic samples. (* indicates significant differences; p< 0.01.) [Panels A-L are from (Scotti
et al., 2010), reprinted with permission. Copyright © PNAS].

studies have mostly focused on generating bone substitutes
by emulating the physical and biochemical properties of
bone. This process, which is based on intramembranous os-
sification is much simpler than endochondral ossification.
However, this often results poor vascularization and limited
bone regeneration. In recent years, a new tissue engineering
method, called developmental engineering, has been devel-
oped based on endochondral bone formation. Unlike tra-
ditional regenerative engineering which seeks to mimic the
functional and mechanical properties of bone tissue, devel-
opmental engineering emphasizes the simulation of in vivo
developmental processes and takes advantage of the natural
mechanisms regulating cell differentiation and osteogene-
sis. Briefly, mesenchymal stem cells (MSC) are induced
to differentiate into chondrocytes and further into hyper-

trophic chondrocytes to initiate the process of endochondral
ossification. This strategy overcomes the disadvantages of
traditional regenerative engineering techniques.

The main advantage of tissue engineering based on
endochondral ossification is the possibility of regenerating
a fully-functional bone organ with a mature vascularized
mineralized matrix. Successful implantation of different
types of stem cells can recreate the functional hematopoi-
etic niches in vivo. Scotti et al. (2013) demonstrates that hu-
man bonemarrow-derivedmesenchymal stem/stromal cells
pushed through endochondral ossification can engineer an
ossicle with bone organs features, including physiologically
remodeled bone, mature vasculature, and a fully-functional
hematopoietic compartment (Scotti et al., 2013). The ideal
cell source for developmental engineering should possess
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the capacity to differentiate into hypertrophic chondrocytes
and synthesize a hypertrophic cartilage-specific extracellu-
lar matrix. Bone marrow-derived mesenchymal stem cells
(BMSC) (Bei et al., 2021; Freeman et al., 2015; Huang et
al., 2018; Li et al., 2016; Longoni et al., 2020), adipose-
derived stem cells (ASCs) (Huang et al., 2020; Li et al.,
2018; Mazini et al., 2019; Zhou et al., 2019), periosteum-
derived cells (PDCs) (Debnath et al., 2018; Nilsson Hall et
al., 2019), embryonic stem cells (ESCs) (Verbeeck et al.,
2019; Wang et al., 2016) and hypertrophic chondrocytes
(Bahney et al., 2014; Bardsley et al., 2017) have been ap-
plied to developmental engineering (Table 1) (Fig. 1).

Chondrocyte hypertrophy is a process involving a
rapid increase in chondrocyte volume and significant
metabolic and molecular changes, such that the cell vol-
ume undergoes a 10 to 20-fold increase. This process pro-
motes endochondral ossification and plays a significant role
in longitudinal bone growth in different mammalian species
(Chawla et al., 2022; Hallett et al., 2021). Hypertrophic
chondrocytes characteristically express MMP-13, MMP-
10, collagen X (COLX), and VEGF (Chen et al., 2023a; Ja-
hangir et al., 2020; Kamakura et al., 2023). COLX is a non-
fibril protein specifically secreted by hypertrophic chondro-
cytes and is associated with the calcification process of car-
tilage in the growth plate (Kamakura et al., 2023; Knuth
et al., 2019). Hypertrophic chondrocytes synthesize VEGF
(Gerber et al., 1999), PDGF (Andrew et al., 1995) and pla-
cental growth factor (PIGF) (Maes et al., 2006) and facil-
itate the second phase of vascular invasion. Hypertrophic
chondrocytes then lose the expression of sex-determining
region Y-box 9 (Sox9) transcription factor and relieve the
repression of runt-related transcription factor 2 (Runx2) and
β-catenin. Hypertrophic chondrocytes then express bone-
specific genes (Gerstenfeld and Shapiro, 1996). Further-
more, hypertrophic chondrocytes are the main source of re-
ceptor activator of nuclear factor-kappaB ligand (RANKL).
During endochondral ossification, RANKL is required to
induce osteoclastogenesis and formation of the bone mar-
row space, as well as to maintain a balance between bone
resorption and formation (Xiong et al., 2011). RANKL-
mediated multinucleated “chondroclasts” are most abun-
dant in the cartilaginous matrix of the hypertrophic zone
(Ferrao Blanco et al., 2021; Odgren et al., 2016). The acti-
vation of nuclear factor-kappa B (NF-κB) can also impede
the transdifferentiation of hypertrophic chondrocytes and
lead to an extended hypertrophic zone in growth plates of
mice.

Previous studies have suggested that hypertrophic
chondrocytes are the terminal state of growth plate chondro-
cytes, leading to degenerative maturation, which is charac-
terized by cell cycle exit, nuclear consolidation, and apop-
tosis (Tsang et al., 2015). However, recent studies have
shown that hypertrophic chondrocytes can undergo “trans-
differentiation” and become osteoblasts directly at the pri-
mary spongiosa (Park et al., 2015; Zhou et al., 2014).

Therefore, the “transient” state more accurately describes
hypertrophic chondrocytes than the “terminal” state. This
is the ability to respond to external stimuli and be repro-
grammed into an osteoblast-like state.

The Role of Hypertrophic Chondrocytes in
Tissue Regeneration and Fracture Healing
Hypertrophic Chondrocytes Mediate the Crosstalk
between Cartilage and Bone

Hypertrophic chondrocytes play various roles in the
transition of cartilage to bone. The first step is the rapid
degradation and resorption of cartilaginous tissue. Twoma-
trix metalloproteinases, MMP-13 and MMP-9, play criti-
cal roles in cartilage degradation and vascularization. In
murine fracture models, the number and size of chondro-
cytes in the callus reaches a maximum from days 9 to 14
after the fracture. MMP-13 is expressedwhen chondrocytes
mature into hypertrophic chondrocytes (D’Angelo et al.,
2000). MMP-9 is a key enzyme involved in cartilage degra-
dation and vascularization and is expressed by endothelial
cells, inflammatory cells, osteoclasts, and other bone mar-
row cells (Romeo et al., 2019; Wang et al., 2013). Mmp13-
deficient mice exhibit an expanded hypertrophic zone in the
growth plate and an absence of collagenase-mediated col-
lagen cleavage and delayed vascularization, indicating that
during embryonic and postnatal development, the expres-
sion ofMMP13 by hypertrophic chondrocytes in the growth
plate is necessary for cartilage resorption (Stickens et al.,
2004). In the fracture callus, the deficiency of MMP13
causes delayed cartilage resorption and increases cartilage
volume (Behonick et al., 2007; Kosaki et al., 2007). Stud-
ies have shown that MMP13 and MMP9 play a synergis-
tic role in degrading cartilaginous matrices, such as type II
collagen and aggrecan, as mice lacking both MMP13 and
MMP9 exhibit more severe endochondral bone formation
impairment (Stickens et al., 2004). However, bone mar-
row transplantation from wildtype mice repairs the carti-
lage resorption defects in Mmp9-deficient mice, but there
is no obvious effect onMmp13-deficient mice (Behonick et
al., 2007). This result shows that the MMP9 and MMP13
originate from different sources and that MMP13 derived
from hypertrophic chondrocytes is essential for the tran-
sition of cartilage to bone during fracture healing. Bai et
al. (2020) identifies a lncRNA, hypertrophic chondrocyte
angiogenesis-related lncRNA (HCAR). HCAR upregulates
the expression of MMP13 and VEGF, which promotes the
endochondral bone repair (Bai et al., 2020). In contrast,
the expression of MMP13 in MMP9-deficient mice is up-
regulated in hypertrophic chondrocytes, which cannot suf-
ficiently rescue the defects in growth plate phenotype (Ko-
jima et al., 2013). In summary, during the transition from
cartilage to bone in fracture healing, MMPs secreted by hy-
pertrophic chondrocytes play a collaborative but irreplace-
able role in the coupling of cartilage degradation and vas-
cularization (Fig. 2).
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Fig. 2. Examination ofMMP9−/−,MMP13−/−andMMP9−/−;MMP13−/− endochondral bones. (A) Safranin-O staining shows a
dramatically expanded hypertrophic chondrocyte zone inMMP9−/−;MMP13−/−tibia. (B) Safranin-O staining shows a closed growth
plate in 5-month-old MMP9−/−; MMP13−/−metatarsals. (C) 12-month-old MMP9−/−; MMP13−/−mice shows a shortening of hind
limbs. [Panels A-C are from (Stickens et al., 2004), reprinted with permission. Copyright © Development].
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Fig. 3. The main pathways of hypertrophic chondrocytes mediating the crosstalk between cartilage and bone.

Hypertrophic chondrocytes are located at the junction
of cartilage and bone and are associated with osteoprogen-
itors and osteoblasts during the transition from cartilage
to bone. This crosstalk is mediated by multiple signaling
molecules, such as Wnt, BMP, and Hedgehog (Aghajanian
and Mohan, 2018; Chen et al., 2023b; Du et al., 2023;
Garcia de Vinuesa et al., 2021; Li and Dong, 2016; Lui
et al., 2019; Singh et al., 2021). The Hedgehog signaling
pathway is pivotal in skeletal development and metabolism
(Iwamoto et al., 1999). Indian Hedgehog (Ihh) is expressed
in pre-hypertrophic and hypertrophic chondrocytes located
in the murine growth plate. Ihh plays an important role
in regulating the proliferation and differentiation of chon-
drocytes as well as osteogenic differentiation (Kronenberg,
2003). Ihh-deficient mice lack the bone collar located in
pre and hypertrophic zones (Chung et al., 2001). Condi-
tional knockout of Ihh in chondrocytes causes a decrease in
Wnt signaling in osteoblasts and the loss of bone trabeculae
(Maeda et al., 2007). However, another study shows that
Ihh-deficiency is not necessary for osteoblast differentia-
tion in vitro, but adversely affects perichondrium and blood
vessel formation, suggesting that the Ihh pathway plays a
dominant role in bone collar formation (Colnot et al., 2005).
In summary, Ihh produced by hypertrophic chondrocytes

directly or indirectly regulates the osteogenic differentia-
tion of the surrounding osteoprogenitor cells during bone
formation.

Similar to growth plates, Ihh regulates bone formation
during fracture healing. The expression of Ihh is measured
during fracture healing. Approximately seven days after fe-
mur fracture in adult rats, pre-hypertrophic chondrocytes
initiate Ihh protein expression. Two weeks post-fracture,
Ihh protein can be detected in hypertrophic chondrocytes.
As new bone formation progresses, osteoblasts express Ihh
protein (Murakami and Noda, 2000). In callus, the expres-
sion of Ihh greatly overlaps with that of Col10A1. The cells
surrounding Ihh-expressing cells express high levels of the
hedgehog response genes patched homologue 1 (Ptch1) and
glioma-associated oncogene homologue 1 (Gli1), suggest-
ing that Ihh signaling is active during endochondral fracture
repair (Vortkamp et al., 1998). Inhibition of this signaling
impairs new bone formation by deleting smoothened ho-
mologue (Smo) (Wang et al., 2010). Low-intensity pulsed
ultrasound stimulation or the systemic application of Smo
agonists can increase the hedgehog signaling and promote
callus formation and angiogenesis during fracture healing
(Matsumoto et al., 2018). The application of a Smo in-
hibitor leads to delayed callus mineralization in femoral
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Table 2. Additional research on the role of hypertrophic chondrocytes in the crosstalk between cartilage and bone.
Pathway Target Effect

Ihh p21 p21 deficiency in HCs causes delayed differentiation of HCs and de-
layed endochondral ossification (Kikuchi et al., 2022)

BMP BMP2 and BMP4 Deletion of BMP2 and BMP4 causes delayed formation of the primary
ossification center (Shu et al., 2011)

BMP Bmpr1a and Bmpr1b Ablation of Bmpr1a and Bmpr1b causes severe chondrodysplasia (Jing
et al., 2017)

BMP Wnt7b Wnt7b is suppressed by BMP4 stimulation and ablation of Wnt7b in-
hibits endochondral ossification (Tsukamoto et al., 2023)

Wnt/β-catenin β-catenin Ablation of β-catenin in chondrocytes causes deficiency of mature os-
teoblasts and loss of subchondral bone (Golovchenko et al., 2013); up-
regulation of β-catenin promotes the transdifferentiation of chondro-
cytes and hypertrophic core mineralization (Houben et al., 2016); the
co-transcriptional activity of β-catenin is required in hypertrophic chon-
drocytes to promote developmental bone modeling (Wolff et al., 2021)

Wnt/β-catenin Iroquois homeobox-containing
transcription factors 3 and 5
(IRX3 and IRX5)

Ablation of IRX3 and IRX5 in HCs reduced HC-derived osteoblasts
(Tan et al., 2020)

Runx2 Runx2 Deleting Runx2 in HCs increases the apoptotic activity of HCs and re-
sults in a lack of osteoblasts (Qin et al., 2020)

Sex determining region
Y-box 9 (Sox9)

Double-sex and mab-3 related
transcription factor 2 (DMRT2)

Sox9 induces the expression of Dmrt2 in HCs and promotes the transi-
tion of endochondral bone formation (Ono et al., 2021)

Sox9 Sox9 Ablation of Sox9 reduces chondrocyte hypertrophy associated with
Col10a1 expression (Lui et al., 2019)

Sox9 Zinc finger and BTB domain-
containing protein 20 (Zbtb20)

Disruption of Zbtb20 in HCs inhibits the expression of Sox9 and
causes delayed endochondral ossification and postnatal growth retarda-
tion (Zhou et al., 2015)

Cyclic adenosine
monophosphate (cAMP)

C-type natriuretic peptide (CNP) CNP activates the cAMP/PKApathway inHCs and promotes endochon-
dral bone formation (Riegger et al., 2020)

Cyclic guanosine
monophosphate (cGMP)

Cyclic AMP responsive element-
binding protein (CREB)

CREB activation in HCs causes skeletal overgrowth (Yamamoto et al.,
2019)

Endoplasmic reticulum 4-phenylbutyric acid Restores the endoplasmic reticulum structure of HCs and promotes the
transition of HCs to osteoblasts (Scheiber et al., 2022)

fractures, but has no effects on chondrogenesis, angiogen-
esis, and eventual healing (Liu et al., 2017). Ablation of
Smo in hypertrophic chondrocytes did not result in pheno-
typic changes. Ablation of Ptch1 in hypertrophic chondro-
cytes disrupts the formation of primary spongiosa and ac-
tivates proliferating osteogenic cells derived from hyper-
trophic chondrocytes. Activation of Ihh signaling blocks
the differentiation of hypertrophic chondrocyte-derived os-
teoblasts into osteocytes (Wang et al., 2022b). In sum-
mary, Ihh signaling induced by hypertrophic chondrocytes
may promote fracture healing by coupling chondrogenesis
and osteogenesis. However, further research on the precise
mechanisms of different fracture models is needed.

The canonical Wnt/β-catenin pathway is another
prominent pathway that regulates the interaction between
hypertrophic chondrocytes and surrounding cells (Melnik
et al., 2020; Sun et al., 2019; Wang et al., 2022a; Wang
et al., 2022d; Wang et al., 2021). However, the effect
of the Wnt/β-catenin pathway on chondrocyte hypertro-

phy and endochondral bone formation is still controver-
sial. In Col10a1-expressing chondrocytes, up-regulation
and down-regulation of the Wnt/β-catenin pathway can in-
hibit bone formation. Ablation of β-catenin causes an in-
crease in the RankL/OPG (osteoprotegerin) ratio, leading
to an increase in bone resorption, while stabilization of β-
catenin can induce hypertrophic band extension and an in-
crease in the number of Osterix+ and Runx2+ Col10a1
lineage cells (Houben et al., 2016; Yoon et al., 2023).
Inactivation of Wnt/β-catenin signaling inhibits chondro-
cyte hypertrophy, while Wnt/β-catenin signaling can pro-
mote the terminal differentiation of hypertrophic chondro-
cytes through the BMP-2 signaling (Guo et al., 2009). De-
pletion of β-catenin ctnnb1 in hypertrophic chondrocytes
reduces the expression of MMP13 and Vegfa while the
size of the Col10a1 positive hypertrophic zone is normal
(Golovchenko et al., 2013). Further research has demon-
strated that the co-transcriptional activity of β-catenin is
required in hypertrophic chondrocytes to suppress osteo-
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Fig. 4. VEGF expression in Runx2fl/fl and Runx2fl/fl/cre embryos. Hematoxylin and eosin staining and immunohistochemical staining
of VEGF. H–E staining (A, D, F, I, K, N, P, S) and immunohistochemical analysis using anti-Vegfa antibody (C, E, H, J, M, O, R,
T) or same working concentration of normal mouse IgG (B, G, L, Q) of femoral sections from Runx2fl/fl (A-C, F-H, K-M, P-R) and
Runx2fl/fl/cre (D, E, I, J, N,O, S, T) mice. The boxed regions in A-E were magnified in F-J, respectively. The boxed regions in F-J were
magnified inK and P, L and Q,M and R, and N and S, and O and T, respectively [Panels A-T are from, reprinted with permission (Qin
et al., 2020). Copyright © Plos Genetics].

clastogenesis and promote developmental bone modeling
(Wolff et al., 2021). It is currently unclear whether Wnt
directly or indirectly mediates interactions between hyper-
trophic chondrocytes and osteoblasts.

Bone morphogenetic protein (BMP) signaling is an-
other pathway necessary for bone formation. BMP agonists
(Bmp2 and Bmp6), receptors (Bmpr1a, Bmpr2, Acvr1b,
and Acvr2a), and extracellular BMP antagonists (Nog) are
expressed in mouse hypertrophic chondrocytes (Garrison
et al., 2017; Pérez-Lozano et al., 2022; Thielen et al.,
2021). In hypertrophic chondrocytes, the phosphorylation
levels of Smad1/5/8 are decreased, but the expression of
Smad7, an inhibitor of Smad, is increased, indicating that
although BMP2 and BMP6 are highly expressed in hyper-
trophic chondrocytes, BMP signaling pathway expression
is decreased (Garrison et al., 2017). Bmp6-deficient mice
exhibit a decrease in the cross-sectional area of the bone
cortex, but no change in the cancellous bone mass. They
are unable to promote endochondral bone formation in re-
sponse to estrogen (Perry et al., 2008). The compound defi-
cient mice (Bmp2+/−; Bmp6+/−) exhibit moderate growth
retardation and trabecular bone reduction, whereas single

deficient mice (Bmp2+/− or Bmp6+/−) exhibit no sig-
nificant phenotypes. There is no significant reduction in
the osteogenic differentiation ability of bone marrow cells
in the compound deficient mice (Bmp2+/−; Bmp6+/−).
These results suggest that BMPs from hypertrophic chon-
drocytes promote osteoblast differentiation and bone for-
mation (Kugimiya et al., 2005) (Table 2) (Fig. 3).

Hypertrophic Chondrocytes Regulate
Osteogenic-Angiogenic Coupling

Vascularization of the ossification center is necessary
to form the marrow cavity. Capillaries grow into a cartilage
template, which in turn initiates the ossification process.
Various growth factors such as VEGF, epidermal growth
factor (EGF), and platelet-derived growth factor (PDGF)
are expressed in the growth plate and regulate angiogenesis
(Buettmann et al., 2019; Hu and Olsen, 2016b; Kishimoto
et al., 2006; Liu et al., 2021). The invasion of vessels into
the cartilaginous callus begins at the end of endochondral
ossification. This process is coupledwith degradation of the
matrix in the soft callus, transition of cartilage to bone and
remodeling of the hard callus. Hypertrophic chondrocytes
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Fig. 5. Specific ablation of Runx2 in hypertrophic chondrocytes causes increase in the growth plate cartilage and hypertrophic
zone. (A) Hematoxylin and eosin staining shows the distal femur and proximal tibia of the Runx2+/+ and Runx2HC/HC mice. (B,C) Total
length of the growth plate and the length of hypertrophic zones are measured.( *** indicates significant differences; p < 0.001) [Panels
A-C are from, reprinted with permission (Rashid et al., 2024). Copyright © Elsevier Inc].

in the callus play an important role in promoting vascular-
ization and interacting with endothelial cells and osteopro-
genitors (Prein and Beier, 2019; Tuckermann and Adams,
2021).

VEGF expression in hypertrophic chondrocytes in-
duces vascularization at the center of ossification by recruit-
ing blood vessels. Inhibition of VEGF can lead to shorten-
ing of the femur, enhanced expression of Col10A1 in the
hypertrophic zone, and disorders of the metaphyseal blood
vessels. Inhibition of VEGF by its antagonist causes hyper-
trophic chondrocyte stagnation and limb shortening. When
VEGF is silenced in Col2a1-expressing chondrocytes, the
invasion of blood vessels into the cartilage is inhibited,
and cell death of hypertrophic chondrocytes is increased
(Gerber et al., 1999; Harper and Klagsbrun, 1999; Zelzer
et al., 2004). The specific role of VEGF in hypertrophic
chondrocytes has been investigated using the conditional
knock out of Runx2, a stimulator of VEGF in chondro-
cytes. In Runx2-deficient mice, the lack of vascularization
in the growth plate is related to the absence of VEGF ex-
pression (Zelzer et al., 2001). By deleting Runx2 in hyper-
trophic chondrocytes usingCol10a1-cre;Runx2flox/flox mice,
VEGF is not expressed in hypertrophic chondrocytes or os-

teoblasts in primary spongiosa. However, the vasculariza-
tion of the cartilage is not significantly inhibited, whereas
the formation of primary spongiosa is delayed. as the tran-
sition from hypertrophic chondrocytes to osteoblasts is im-
paired. The expression of VEGF in osteoblasts in the bone
collar is significantly upregulated, indicating that vascular-
ization in the growth plate is regulated by VEGF from var-
ious sources, including chondrocytes, hypertrophic chon-
drocytes, and osteoblasts (Qin et al., 2020) (Fig. 4). Inhibi-
tion of VEGF expression in hypertrophic chondrocytes and
osteoprogenitors in Osx-cre;Vegfaflox/flox mice resulted in
delayed vascularization and cartilage transition in a mouse
tibial cortical defect model (Hu and Olsen, 2016a). How-
ever, it remains unknown whether VEGF secretion by hy-
pertrophic chondrocytes is dominant during the transition
from cartilage to bone. Further research should focus on
Col10a1-derived deletion of Vegf.

Endothelial cells can also act on cartilage and chon-
drocytes. Romeo et al. (2019) confirmed that endothelial
cells form type H capillaries expressing platelet endothelial
cell adhesion molecule-1 (PECAM-1) and Endomucin can
produce MMP9, which is essential for absorbing the car-
tilaginous matrix in the growth plate (Romeo et al., 2019).
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Fig. 6. Hypertrophic chondrocytes can directly transdifferentiate into osteoblasts. (A) Safranin-O staining and fluorescent photo of
tibial. Asterisks indicate the GFP positive osteoblasts not derived from hypertrophic chondrocytes expressing Col10a1. (B,C) Magnified
images of the labeled area in (A). The yellow arrow indicates an osteoblast labeled with both GFP and tdTomato (Col10a1-derived
osteoblast). The red arrow indicates aCol10a1-Cre labeled tdTomato positive cell. [PanelsA-C are from (Kodama et al., 2022), reprinted
with permission. Copyright © Elsevier Inc].

MMP9mediates vascular invasion of hypertrophic cartilage
callus. Mmp9−/− mice have persistent cartilage, which
leads to fracture nonunion and delayed union. Recombi-
nant VEGF can also rescue it (Colnot et al., 2003). En-
dothelial cells also directly regulate chondrocytes and bone
cells. Notch signaling is necessary for endothelial cell pro-
liferation and angiogenesis. Notch positively regulates the
expression of Noggin in endothelial cells and Noggin regu-
lates the osteogenic differentiation of osteoprogenitors. The
Notch-Noggin pathway promotes chondrocyte maturation
and hypertrophy, which establishes a positive loop for an-
giogenesis by increasing the expression of VEGF in hyper-
trophic chondrocytes (Ramasamy et al., 2014).

Hypertrophic Chondrocytes Regulate
Osteogenesis-Osteoclast Coupling

The coupling between bone-forming osteoblasts and
bone-resorbing osteoclasts maintains bone homeostasis
(Kong et al., 1999; Liu-Bryan and Terkeltaub, 2015). In
murine growth plates, the last two to three layers of hy-
pertrophic chondrocytes express RANKL (Kishimoto et al.,
2006). RANKL is expressed by osteoblast lineage cells and
promotes osteoclasts formation (Nakashima et al., 2011;
Sobacchi et al., 2007). Conditional knockout of RANKL in
osteoblasts results in loss of RANKL expression in the hy-
pertrophic zone. Furthermore, Col10a10-cre;Ranklf/f, Osx-

cre;Ranklf/f and Ocn-cre;Ranklf/f knockout mice inhibit the
resorption of calcified bone by downregulating RANKL
expression in hypertrophic cells. Deletion of RANKL in
Col10a1-Cre mice inhibits the resorption of cartilage in
the primary spongiosa (Liu et al., 2021), indicating that
RANKL produced by hypertrophic chondrocytes plays an
important role in the transition of cartilage-to-bone (Xiong
et al., 2011). OPG is also expressed in hypertrophic chon-
drocytes and competes with RANK to inhibit osteoclasto-
genesis (Silvestrini et al., 2005). Fracture union is accel-
erated in Opg-deficient mice, which have a higher number
of osteoclasts and faster resorption of the cartilaginous cal-
lus (Ota et al., 2009). Ablation of Runx2 in hypertrophic
chondrocytes marked reduces both the number and surface
area of osteoclasts and reduces the expression of RANKL
and IL-17a (Rashid et al., 2024). Therefore, RANKL ex-
pression in hypertrophic chondrocytes is indispensable for
osteoclastogenesis (Fig. 5).

Fate of Hypertrophic Chondrocytes
Previous studies have shown that during endochon-

dral bone formation, the process of cartilage replacement
by bone is accompanied by apoptosis of terminally differ-
entiated hypertrophic chondrocytes. Transforming growth
factor β (Tgfb) signaling is essential in endochondral
ossification. Deletion of the Tgfb typeⅡreceptor gene
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Fig. 7. The differentiation, transdifferentiation and apoptosis of hypertrophic chondrocytes. Osteochondroprogenitors can dif-
ferentiate into chondrocytes and osteoblast progenitors. Chondrocytes can evolve into hypertrophic chondrocytes, which can further
become terminal hypertrophic chondrocytes, transdifferentiate into mature osteoblasts or osteocytes, and undergo apoptosis.

(Tgfb2) in hypertrophic chondrocytes delays both the hy-
pertrophic conversion of proliferating chondrocytes and
subsequent terminal chondrocyte differentiation (Sueyoshi
et al., 2012). Recent studies using cell tracer techniques
have shown that many hypertrophic chondrocytes can sur-
vive in the callus and become osteoblasts (Bahney et al.,
2014; Giovannone et al., 2019; Knuth et al., 2019; Wang
et al., 2022c; Wuelling et al., 2021; Yang et al., 2014).
The presence of host chondrocyte-derived bone cells has
been demonstrated in a bone-grafting model (Bahney et al.,
2014). Yang et al. (2014) have demonstrated that during fe-
tal, postnatal endochondral bones and persisting into adult-
hood, hypertrophic chondrocyte-derived cells can become
Col10a1-expressing osteoblasts and sclerostin-expressing
osteocytes (Yang et al., 2014). UsingCol10a1-Cre orAgc1-
CreERT2 labeled hypertrophic chondrocytes, Zhou et al.
(2014) shows that chondrocytes from growth plates can be-
come osteoblasts in the trabeculae and cortical bones. The
proportion of non-chondrocytic cells derived from labelled
chondrocytes is functional osteoblasts. Osteoblasts derived
from hypertrophic chondrocytes expressing Col10a1 ac-
counts for approximately 60 % of all mature osteoblasts

in the cartilage of one-month-old mice (Zhou et al., 2014).
The transition of hypertrophic chondrocytes to osteoblasts
can also be observed in mouse models of mandibular frac-
ture models (Wong et al., 2021) (Fig. 6).

However, the mechanism underlying the transition of
hypertrophic chondrocytes into osteoblasts is not well un-
derstood. BrdU and Ki67 expression can be observed in
hypertrophic chondrocytes close to the vessels in the tran-
sition zone of soft and hard callus, indicating that some
of these hypertrophic chondrocytes re-enter the cell cycle.
Furthermore, these cells express molecules characteristic
of stem cells, such as Oct4, Sox2, and Nanog. Therefore,
hypertrophic chondrocytes close to vessels in the transi-
tion zone can de-differentiate into osteochondroprogenitor
cells, gain pluripotency, and then become osteoblasts and
osteocytes (Bahney et al., 2014; Hu et al., 2017). Park et
al. (2015) identifies small proliferative YFP-positive cells
co-expressing Osc in the lowest layer of the hypertrophic
zone of a Col10a1-cre; YFP mouse growth plate. The au-
thors proposed that these small cells are the transitory cells
from hypertrophic chondrocytes to osteoblasts (Park et al.,
2015). The progenies of cells expressing Col10A1 in bone
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marrow include a subgroup of stem cells capable of os-
teogenic and adipogenic differentiation potency (Long et
al., 2022). These findings suggest that during fracture heal-
ing, hypertrophic chondrocytesmay partially transit into os-
teoblasts and osteocytes as reservoirs of progenitor cells.
However, this concept must be verified through more di-
rect observation (Fig. 7).

Conclusion
Starting with bone development and the mechanism

of endochondral ossification occurring in the callus during
fracture healing, this paper summarizes the role of hyper-
trophic chondrocytes in fracture healing. Close links be-
tween hypertrophic chondrocytes with endothelial cells, os-
teoclasts, and osteoblasts are highlighted. Previous studies
have shown that hypertrophic chondrocytes regulate endo-
chondral ossification through various pathways that are crit-
ical for fracture healing. The formation of a cartilaginous
callus during fracture healing is a recapitulation of endo-
chondral ossification. Thus, the use of hypertrophic chon-
drocytes has been suggested as a promising developmental
engineering strategy for treating fracture nonunion or de-
layed union.

Hence, future studies should focus on the mutual and
bidirectional interactions of local and systemic soluble fac-
tors, extracellular matrix proteins, and cell-cell contacts be-
tween these cells to better clarify the role of hypertrophic
chondrocytes and provide new ideas and methods for pro-
moting fracture healing.

List of Abbreviations
ASC, adipose-derived stem cell; BMP, bone mor-

phogenesis protein; BMSC, bone marrow derived mes-
enchymal stem cell; cAMP, cyclic adenosine monophos-
phate; cGMP, cyclic guanosine monophosphate; CNP, C-
type natriuretic peptide; COL, collagen; CREB, cyclic
AMP-responsive element binding protein; DMRT, double-
sex and mab-3 related transcription factor; EGF, epidermal
growth factor; ESC, embryonic stem cells; Fox, forkhead
box; Gli, glioma-associated oncogene homologue; HCs,
hypertrophic chondrocytes; HCAR, hypertrophic chondro-
cyte angiogenesis-related lncRNA; Ihh, Indian hedgehog;
IRX, Iroquois homeobox-containing transcription factors;
Mef, myeloid Elf-1-like factor; MMP, matrix metallo-
proteinase; MSC, mesenchymal stem cells; NF-κB, nu-
clear factor-kappa B; Osx, osterix; OPG, osteoprotegerin;
PDC, periosteum-derived cells; PDGF, platelet-derived
growth factor; PECAM, platelet endothelial cell adhesion
molecule; PIGF, placental growth factor; Ptch, patched
homologue; RANKL, receptor activator of nuclear factor-
kappa B ligand; Runx, runt-related transcription factor;
Smo, smoothened homologue; Spp, secreted phosphopro-
tein; Sox, sex determining region Y-box; Tgfb, transform-
ing growth factor β; VEGF, vascular endothelial growth
factor; Zbtb, Zinc finger and BTB domain-containing pro-

tein; ASC, adipose-derived stem cell; BMP, bone mor-
phogenesis protein; BMSC, bone marrow derived mes-
enchymal stem cell; cAMP, cyclic adenosine monophos-
phate; cGMP, cyclic guanosine monophosphate; CNP, C-
type natriuretic peptide; Col, collagen; CREB, cyclic AMP-
responsive element binding protein; DMRT, double-sex
and mab-3 related transcription factor; EGF, epidermal
growth factor; ESC, embryonic stem cells; Fox, fork-
head box; Gli, glioma-associated oncogene homolog; HC,
hypertrophic chondrocyte; HCAR, hypertrophic chondro-
cyte angiogenesis-related lncRNA; Ihh, Indian hedgehog;
IRX, Iroquois homeobox-containing transcription factors;
Mef, myeloid Elf-1-like factor; MMP, matrix metallo-
proteinase; MSC, mesenchymal stem cells; NF-κB, nu-
clear factor-kappa B; Osx, osterix; OPG, osteoprotegerin;
PDC, periosteum-derived cells; PDGF, platelet-derived
growth factor; PECAM, platelet endothelial cell adhesion
molecule; PIGF, placental growth factor; Ptch, patched ho-
molog; RANKL, receptor activator of nuclear factor-kappa
B ligand; Runx, runt-related transcription factor; Smo,
smoothened homolog; Spp, secreted phosphoprotein; Sox,
sex determining region Y-box; Tgfb, transforming growth
factor β; VEGF, vascular endothelial growth factor; Zbtb,
Zinc finger and BTB domain-containing protein.

Availability of Data and Materials
The data supporting the conclusions of this study are

available from the corresponding author.

Author Contributions
DYZ and YSG planned the review and its outline.

DYZ, GL and HYF did the primary literature research and
drafted the manuscript. DYZ and HYF produced the fig-
ures. YSG edited the manuscript and provided funding. All
authors contributed to editorial changes in the manuscript.
All authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgments
Not applicable.

Funding
The authors disclosed receipt of the following finan-

cial support for the research, authorship, and publication
of this article: This study has been supported by the Na-
tional Natural Science Foundation of China (Grant No.
81902237, 82072417) and the Shanghai Sailing Program
(Grant No. 23YF1432400).

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


www.ecmjournal.org 231

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

Conflict of Interest
The authors declare no conflict of interest.

References
Aghajanian P, Mohan S (2018) The art of building

bone: emerging role of chondrocyte-to-osteoblast transd-
ifferentiation in endochondral ossification. Bone Research
6: 19. DOI: 10.1038/s41413-018-0021-z.

Andrew JG, Hoyland JA, Freemont AJ, Marsh DR
(1995) Platelet-derived growth factor expression in nor-
mally healing human fractures. Bone 16: 455-460. DOI:
10.1016/8756-3282(95)90191-4.

Bahney CS, Hu DP, Taylor AJ, Ferro F, Britz HM,
Hallgrimsson B, Johnstone B, Miclau T, Marcucio RS
(2014) Stem cell-derived endochondral cartilage stimulates
bone healing by tissue transformation. Journal of Bone and
Mineral Research: the Official Journal of the American So-
ciety for Bone and Mineral Research 29: 1269-1282. DOI:
10.1002/jbmr.2148.

Bai Y, Gong X, Dong R, Cao Z, Dou C, Liu
C, Li J, Kang F, Dai J, Zhao C, Tian Z, Tan J, Dai
Q, Dong S (2020) Long non-coding RNA HCAR pro-
motes endochondral bone repair by upregulating VEGF
and MMP13 in hypertrophic chondrocyte through spong-
ing miR-15b-5p. Genes & Diseases 9: 456-465. DOI:
10.1016/j.gendis.2020.07.013.

Bardsley K, Kwarciak A, Freeman C, Brook I, Hatton
P, Crawford A (2017) Repair of bone defects in vivo us-
ing tissue engineered hypertrophic cartilage grafts produced
from nasal chondrocytes. Biomaterials 112: 313-323. DOI:
10.1016/j.biomaterials.2016.10.014.

Behonick DJ, Xing Z, Lieu S, Buckley JM, Lotz JC,
Marcucio RS, Werb Z, Miclau T, Colnot C (2007) Role
of matrix metalloproteinase 13 in both endochondral and
intramembranous ossification during skeletal regeneration.
PloS One 2: e1150. DOI: 10.1371/journal.pone.0001150.

Bei HP, Hung PM, Yeung HL,Wang S, Zhao X (2021)
Bone-a-Petite: Engineering Exosomes towards Bone, Os-
teochondral, and Cartilage Repair. Small (Weinheim
an Der Bergstrasse, Germany) 17: e2101741. DOI:
10.1002/smll.202101741.

Berendsen AD, Olsen BR (2015) Bone development.
Bone 80: 14-18. DOI: 10.1016/j.bone.2015.04.035.

Buettmann EG, McKenzie JA, Migotsky N, Sykes
DA, Hu P, Yoneda S, Silva MJ (2019) VEGFA From
Early Osteoblast Lineage Cells (Osterix+) Is Required in
Mice for Fracture Healing. Journal of Bone and Min-
eral Research: the Official Journal of the American Soci-
ety for Bone and Mineral Research 34: 1690-1706. DOI:
10.1002/jbmr.3755.

Chawla S, Mainardi A, Majumder N, Dönges L, Ku-
mar B, Occhetta P, Martin I, Egloff C, Ghosh S, Bandy-
opadhyay A, Barbero A (2022) Chondrocyte Hypertrophy
in Osteoarthritis: Mechanistic Studies and Models for the
Identification of New Therapeutic Strategies. Cells 11:

4034. DOI: 10.3390/cells11244034.
Chen J, Chen F, Wu X, Bian H, Chen C, Zhang X,

Hei R, XiaotongYang, Yuan H, Wang Q, Lu Y, Qiao L,
Zheng Q (2023a) DLX5 promotes Col10a1 expression and
chondrocyte hypertrophy and is involved in osteoarthritis
progression. Genes & Diseases 10: 2097-2108. DOI:
10.1016/j.gendis.2022.12.016.

Chen N, Wu RWH, Lam Y, Chan WCW, Chan D
(2023b) Hypertrophic chondrocytes at the junction of mus-
culoskeletal structures. Bone Reports 19: 101698. DOI:
10.1016/j.bonr.2023.101698.

Cheng Z, Li A, Tu CL, Maria CS, Szeto N, Her-
berger A, Chen TH, Song F, Wang J, Liu X, Shoback DM,
Chang W (2020) Calcium-Sensing Receptors in Chondro-
cytes and Osteoblasts Are Required for Callus Maturation
and Fracture Healing in Mice. Journal of Bone and Min-
eral Research: the Official Journal of the American So-
ciety for Bone and Mineral Research 35: 143-154. DOI:
10.1002/jbmr.3864.

Chung UI, Schipani E, McMahon AP, Kronenberg
HM (2001) Indian hedgehog couples chondrogenesis to
osteogenesis in endochondral bone development. The
Journal of Clinical Investigation 107: 295-304. DOI:
10.1172/JCI11706.

Colnot C, de la Fuente L, Huang S, Hu D, Lu C, St-
Jacques B, Helms JA (2005) Indian hedgehog synchronizes
skeletal angiogenesis and perichondrial maturation with
cartilage development. Development (Cambridge, Eng-
land) 132: 1057-1067. DOI: 10.1242/dev.01649.

Colnot C, Thompson Z, Miclau T, Werb Z, Helms JA
(2003) Altered fracture repair in the absence ofMMP9. De-
velopment (Cambridge, England) 130: 4123-4133. DOI:
10.1242/dev.00559.

D’AngeloM, Yan Z, NooreyazdanM, Pacifici M, Sar-
ment DS, Billings PC, Leboy PS (2000)MMP-13 is induced
during chondrocyte hypertrophy. Journal of Cellular Bio-
chemistry 77: 678-693.

Debnath S, Yallowitz AR, McCormick J, Lalani S,
Zhang T, Xu R, Li N, Liu Y, Yang YS, Eiseman M, Shim
JH, Hameed M, Healey JH, Bostrom MP, Landau DA,
Greenblatt MB (2018) Discovery of a periosteal stem cell
mediating intramembranous bone formation. Nature 562:
133-139. DOI: 10.1038/s41586-018-0554-8.

Du X, Cai L, Xie J, Zhou X (2023) The role of TGF-
beta3 in cartilage development and osteoarthritis. Bone Re-
search 11: 2. DOI: 10.1038/s41413-022-00239-4.

Einhorn TA, Gerstenfeld LC (2015) Fracture healing:
mechanisms and interventions. Nature Reviews. Rheuma-
tology 11: 45-54. DOI: 10.1038/nrrheum.2014.164.

Ferrao Blanco MN, Bastiaansen-Jenniskens YM,
Chambers MG, Pitsillides AA, Narcisi R, van Osch GJVM
(2021) Effect of Inflammatory Signaling on Human Ar-
ticular Chondrocyte Hypertrophy: Potential Involvement
of Tissue Repair Macrophages. Cartilage 13: 168S-174S.
DOI: 10.1177/19476035211021907.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


232 www.ecmjournal.org

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

Freeman FE, Allen AB, Stevens HY, Guldberg RE,
McNamara LM (2015) Effects of in vitro endochondral
priming and pre-vascularisation of humanMSC cellular ag-
gregates in vivo. Stem Cell Research & Therapy 6: 218.
DOI: 10.1186/s13287-015-0210-2.

Garcia de Vinuesa A, Sanchez-Duffhues G, Blaney-
Davidson E, van Caam A, Lodder K, Ramos Y, Kloppen-
burg M, Meulenbelt I, van der Kraan P, Goumans MJ,
Ten Dijke P (2021) Cripto favors chondrocyte hypertrophy
via TGF-β SMAD1/5 signaling during development of os-
teoarthritis. The Journal of Pathology 255: 330-342. DOI:
10.1002/path.5774.

Garrison P, Yue S, Hanson J, Baron J, Lui JC (2017)
Spatial regulation of bone morphogenetic proteins (BMPs)
in postnatal articular and growth plate cartilage. PloS One
12: e0176752. DOI: 10.1371/journal.pone.0176752.

Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z,
Ferrara N (1999) VEGF couples hypertrophic cartilage re-
modeling, ossification and angiogenesis during endochon-
dral bone formation. Nature Medicine 5: 623-628. DOI:
10.1038/9467.

Gerstenfeld LC, Shapiro FD (1996) Expression of
bone-specific genes by hypertrophic chondrocytes: impli-
cation of the complex functions of the hypertrophic chon-
drocyte during endochondral bone development. Journal of
Cellular Biochemistry 62: 1-9. DOI: 10.1002/(SICI)1097-
4644(199607)62:1%3C1::AID-JCB1%3E3.0.CO;2-X.

Giovannone D, Paul S, Schindler S, Arata C, Farmer
DT, Patel P, Smeeton J, Crump JG (2019) Programmed
conversion of hypertrophic chondrocytes into osteoblasts
and marrow adipocytes within zebrafish bones. eLife 8:
e42736. DOI: 10.7554/eLife.42736.

Golovchenko S, Hattori T, Hartmann C, Gebhardt M,
Gebhard S, Hess A, Pausch F, Schlund B, von der Mark K
(2013)Deletion of beta catenin in hypertrophic growth plate
chondrocytes impairs trabecular bone formation. Bone 55:
102-112. DOI: 10.1016/j.bone.2013.03.019.

Guo X, Mak KK, Taketo MM, Yang Y (2009)
The Wnt/beta-catenin pathway interacts differentially with
PTHrP signaling to control chondrocyte hypertrophy and
final maturation. PloS One 4: e6067. DOI: 10.1371/jour-
nal.pone.0006067.

Hallett SA, Ono W, Ono N (2021) The hypertrophic
chondrocyte: To be or not to be. Histology andHistopathol-
ogy 36: 1021-1036. DOI: 10.14670/HH-18-355.

Harper J, Klagsbrun M (1999) Cartilage to bone–
angiogenesis leads the way. Nature Medicine 5: 617-618.
DOI: 10.1038/9460.

Helms JA, Schneider RA (2003) Cranial skeletal biol-
ogy. Nature 423: 326-331. DOI: 10.1038/nature01656.

Houben A, Kostanova-Poliakova D, Weissenböck M,
Graf J, Teufel S, von der Mark K, Hartmann C (2016)
β-catenin activity in late hypertrophic chondrocytes lo-
cally orchestrates osteoblastogenesis and osteoclastogene-
sis. Development (Cambridge, England) 143: 3826-3838.

DOI: 10.1242/dev.137489.
Hu DP, Ferro F, Yang F, Taylor AJ, Chang W, Mi-

clau T, Marcucio RS, Bahney CS (2017) Cartilage to bone
transformation during fracture healing is coordinated by the
invading vasculature and induction of the core pluripotency
genes. Development (Cambridge, England) 144: 221-234.
DOI: 10.1242/dev.130807.

Hu K, Olsen BR (2016a) Osteoblast-derived VEGF
regulates osteoblast differentiation and bone formation dur-
ing bone repair. The Journal of Clinical Investigation 126:
509-526. DOI: 10.1172/JCI82585.

Hu K, Olsen BR (2016b) The roles of vascular en-
dothelial growth factor in bone repair and regeneration.
Bone 91: 30-38. DOI: 10.1016/j.bone.2016.06.013.

Huang RL, Guerrero J, Senn AS, Kappos EA, Liu
K, Li Q, Dufrane D, Schaefer DJ, Martin I, Scherberich
A (2020) Dispersion of ceramic granules within human
fractionated adipose tissue to enhance endochondral bone
formation. Acta Biomaterialia 102: 458-467. DOI:
10.1016/j.actbio.2019.11.046.

Huang X, Zhong L, Hendriks J, Post JN, Karperien M
(2018) The Effects of the WNT-Signaling Modulators BIO
and PKF118-310 on the Chondrogenic Differentiation of
Human Mesenchymal Stem Cells. International Journal of
Molecular Sciences 19: 561. DOI: 10.3390/ijms19020561.

Iwamoto M, Enomoto-Iwamoto M, Kurisu K (1999)
Actions of hedgehog proteins on skeletal cells. Critical
Reviews in Oral Biology and Medicine: an Official Pub-
lication of the American Association of Oral Biologists 10:
477-486. DOI: 10.1177/10454411990100040401.

Jahangir S, Eglin D, Pötter N, Khozaei Ravari M,
Stoddart MJ, Samadikuchaksaraei A, Alini M, Baghaban
Eslaminejad M, Safa M (2020) Inhibition of hypertrophy
and improving chondrocyte differentiation by MMP-13 in-
hibitor small molecule encapsulated in alginate-chondroitin
sulfate-platelet lysate hydrogel. Stem Cell Research &
Therapy 11: 436. DOI: 10.1186/s13287-020-01930-1.

Jing Y, Jing J, Ye L, Liu X, Harris SE, Hinton RJ, Feng
JQ (2017) Chondrogenesis and osteogenesis are one contin-
uous developmental and lineage defined biological process.
Scientific Reports 7: 10020. DOI: 10.1038/s41598-017-
10048-z.

Julien A, Perrin S, Duchamp de Lageneste O, Car-
valho C, BensidhoumM, Legeai-Mallet L, Colnot C (2020)
FGFR3 in Periosteal Cells Drives Cartilage-to-Bone Trans-
formation in Bone Repair. Stem Cell Reports 15: 955-967.
DOI: 10.1016/j.stemcr.2020.08.005.

Kamakura T, Jin Y, Nishio M, Nagata S, Fukuda M,
Sun L, Kawai S, Toguchida J (2023) Collagen X Is Dis-
pensable for Hypertrophic Differentiation and Endochon-
dral Ossification of Human iPSC-Derived Chondrocytes.
JBMR Plus 7: e10737. DOI: 10.1002/jbm4.10737.

Kikuchi K, Haneda M, Hayashi S, Maeda T, Nakano
N, Kuroda Y, Tsubosaka M, Kamenaga T, Fujita M, Ikuta
K, Anjiki K, Tachibana S, Onoi Y, Matsumoto T, Kuroda R

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


www.ecmjournal.org 233

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

(2022) P21 deficiency exhibits delayed endochondral ossi-
fication during fracture healing. Bone 165: 116572. DOI:
10.1016/j.bone.2022.116572.

Kishimoto K, Kitazawa R, Kurosaka M, Maeda S, Ki-
tazawa S (2006) Expression profile of genes related to os-
teoclastogenesis in mouse growth plate and articular carti-
lage. Histochemistry and Cell Biology 125: 593-602. DOI:
10.1007/s00418-005-0103-z.

Knuth CA, Andres Sastre E, Fahy NB, Witte-Bouma
J, Ridwan Y, Strabbing EM, Koudstaal MJ, van de Pep-
pel J, Wolvius EB, Narcisi R, Farrell E (2019) Collagen
type X is essential for successful mesenchymal stem cell-
mediated cartilage formation and subsequent endochondral
ossification. European Cells & Materials 38: 106-122.
DOI: 10.22203/eCM.v038a09.

Kodama J, Wilkinson KJ, Iwamoto M, Otsuru S,
Enomoto-Iwamoto M (2022) The role of hypertrophic
chondrocytes in regulation of the cartilage-to-bone transi-
tion in fracture healing. Bone Reports 17: 101616. DOI:
10.1016/j.bonr.2022.101616.

Kojima T, Hasegawa T, de Freitas PHL, Yamamoto
T, Sasaki M, Horiuchi K, Hongo H, Yamada T, Sakagami
N, Saito N, Yoshizawa M, Kobayashi T, Maeda T, Saito
C, Amizuka N (2013) Histochemical aspects of the vascu-
lar invasion at the erosion zone of the epiphyseal cartilage
in MMP-9-deficient mice. Biomedical Research (Tokyo,
Japan) 34: 119-128. DOI: 10.2220/biomedres.34.119.

Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E,
Capparelli C, Morony S, Oliveira-dos-Santos AJ, Van G,
Itie A, KhooW, Wakeham A, Dunstan CR, Lacey DL, Mak
TW, Boyle WJ, Penninger JM (1999) OPGL is a key reg-
ulator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature 397: 315-323. DOI:
10.1038/16852.

Kosaki N, Takaishi H, Kamekura S, Kimura T,
Okada Y, Minqi L, Amizuka N, Chung UI, Naka-
mura K, Kawaguchi H, Toyama Y, D’Armiento
J (2007) Impaired bone fracture healing in matrix
metalloproteinase-13 deficient mice. Biochemical and
Biophysical Research Communications 354: 846-851.
DOI: 10.1016/j.bbrc.2006.12.234.

Kronenberg HM (2003) Developmental regulation of
the growth plate. Nature 423: 332-336. DOI: 10.1038/na-
ture01657.

Kugimiya F, Kawaguchi H, Kamekura S, Chikuda H,
Ohba S, Yano F, Ogata N, Katagiri T, Harada Y, Azuma
Y, Nakamura K, Chung UI (2005) Involvement of endoge-
nous bone morphogenetic protein (BMP) 2 and BMP6 in
bone formation. The Journal of Biological Chemistry 280:
35704-35712. DOI: 10.1074/jbc.M505166200.

Lenas P, Moos M, Luyten FP (2009) Developmen-
tal engineering: a new paradigm for the design and man-
ufacturing of cell-based products. Part I: from three-
dimensional cell growth to biomimetics of in vivo develop-
ment. Tissue Engineering. Part B, Reviews 15: 381-394.

DOI: 10.1089/ten.TEB.2008.0575.
Li CS, Zhang X, Péault B, Jiang J, Ting K, Soo

C, Zhou YH (2016) Accelerated Chondrogenic Differen-
tiation of Human Perivascular Stem Cells with NELL-
1. Tissue Engineering. Part a 22: 272-285. DOI:
10.1089/ten.TEA.2015.0250.

Li J, Dong S (2016) The Signaling Pathways Involved
in Chondrocyte Differentiation and Hypertrophic Differen-
tiation. Stem Cells International 2016: 2470351. DOI:
10.1155/2016/2470351.

Li X, Wang M, Jing X, Guo W, Hao C, Zhang Y, Gao
S, Chen M, Zhang Z, Zhang X, Shen S, Zhang B, Xian H,
Wang Z, Wang Y, Sui X, Wang A, Peng J, Lu S, Liu S, Guo
Q (2018) Bone Marrow- and Adipose Tissue-Derived Mes-
enchymal Stem Cells: Characterization, Differentiation,
and Applications in Cartilage Tissue Engineering. Critical
Reviews in Eukaryotic Gene Expression 28: 285-310. DOI:
10.1615/CritRevEukaryotGeneExpr.2018023572.

Liu X, McKenzie JA, Maschhoff CW, Gardner MJ,
SilvaMJ (2017) Exogenous hedgehog antagonist delays but
does not prevent fracture healing in young mice. Bone 103:
241-251. DOI: 10.1016/j.bone.2017.07.017.

Liu X, Qian F, Fan Q, Lin L, He M, Li P, Cai H,
Ma L, Cheng X, Yang X (2021) NF-κB activation im-
pedes the transdifferentiation of hypertrophic chondrocytes
at the growth plate of mouse embryos in diabetic preg-
nancy. Journal of Orthopaedic Translation 31: 52-61. DOI:
10.1016/j.jot.2021.10.009.

Liu-Bryan R, Terkeltaub R (2015) Emerging regula-
tors of the inflammatory process in osteoarthritis. Nature
Reviews. Rheumatology 11: 35-44. DOI: 10.1038/nr-
rheum.2014.162.

Long JT, Leinroth A, Liao Y, Ren Y, Mirando AJ,
Nguyen T, Guo W, Sharma D, Rouse D, Wu C, Cheah
KSE, Karner CM, Hilton MJ (2022) Hypertrophic chon-
drocytes serve as a reservoir for marrow-associated skele-
tal stem and progenitor cells, osteoblasts, and adipocytes
during skeletal development. eLife 11: e76932. DOI:
10.7554/eLife.76932.

Longoni A, Pennings I, Cuenca Lopera M, van
Rijen MHP, Peperzak V, Rosenberg AJWP, Levato R,
Gawlitta D (2020) Endochondral Bone Regeneration by
Non-autologous Mesenchymal Stem Cells. Frontiers
in Bioengineering and Biotechnology 8: 651. DOI:
10.3389/fbioe.2020.00651.

Lui JC, Yue S, Lee A, Kikani B, Temnycky A,
Barnes KM, Baron J (2019) Persistent Sox9 expression
in hypertrophic chondrocytes suppresses transdifferenti-
ation into osteoblasts. Bone 125: 169-177. DOI:
10.1016/j.bone.2019.05.027.

Mackie EJ, Tatarczuch L,MiramsM (2011) The skele-
ton: a multi-functional complex organ: the growth plate
chondrocyte and endochondral ossification. The Journal of
Endocrinology 211: 109-121. DOI: 10.1530/JOE-11-0048.

Maeda Y, Nakamura E, Nguyen MT, Suva LJ, Swain

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


234 www.ecmjournal.org

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

FL, Razzaque MS, Mackem S, Lanske B (2007) Indian
Hedgehog produced by postnatal chondrocytes is essen-
tial for maintaining a growth plate and trabecular bone.
Proceedings of the National Academy of Sciences of
the United States of America 104: 6382-6387. DOI:
10.1073/pnas.0608449104.

Maes C, Coenegrachts L, Stockmans I, Daci E, Lut-
tun A, Petryk A, Gopalakrishnan R, Moermans K, Smets
N, Verfaillie CM, Carmeliet P, Bouillon R, Carmeliet G
(2006) Placental growth factor mediates mesenchymal cell
development, cartilage turnover, and bone remodeling dur-
ing fracture repair. The Journal of Clinical Investigation
116: 1230-1242. DOI: 10.1172/JCI26772.

Maes C, Kobayashi T, Selig MK, Torrekens S, Roth
SI, Mackem S, Carmeliet G, Kronenberg HM (2010)
Osteoblast precursors, but not mature osteoblasts, move
into developing and fractured bones along with invading
blood vessels. Developmental Cell 19: 329-344. DOI:
10.1016/j.devcel.2010.07.010.

Matsumoto K, Shimo T, Kurio N, Okui T, Ibaragi S,
Kunisada Y, Obata K, Masui M, Pai P, Horikiri Y, Ya-
manaka N, Takigawa M, Sasaki A (2018) Low-intensity
pulsed ultrasound stimulation promotes osteoblast differ-
entiation through hedgehog signaling. Journal of Cellular
Biochemistry 119: 4352-4360. DOI: 10.1002/jcb.26418.

Mazini L, Rochette L, Amine M, Malka G (2019) Re-
generative Capacity of Adipose Derived Stem Cells (AD-
SCs), Comparison with Mesenchymal Stem Cells (MSCs).
International Journal ofMolecular Sciences 20: 2523. DOI:
10.3390/ijms20102523.

Melnik S, Gabler J, Dreher SI, Hecht N, Hofmann
N, Großner T, Richter W (2020) MiR-218 affects hyper-
trophic differentiation of humanmesenchymal stromal cells
during chondrogenesis via targeting RUNX2, MEF2C, and
COL10A1. Stem Cell Research & Therapy 11: 532. DOI:
10.1186/s13287-020-02026-6.

Murakami S, Noda M (2000) Expression of Indian
hedgehog during fracture healing in adult rat femora.
Calcified Tissue International 66: 272-276. DOI:
10.1007/pl00005843.

Nakashima T, Hayashi M, Fukunaga T, Kurata K,
Oh-Hora M, Feng JQ, Bonewald LF, Kodama T, Wutz
A, Wagner EF, Penninger JM, Takayanagi H (2011) Evi-
dence for osteocyte regulation of bone homeostasis through
RANKL expression. Nature Medicine 17: 1231-1234.
DOI: 10.1038/nm.2452.

Nilsson Hall G, Mendes LF, Gklava C, Geris L,
Luyten FP, Papantoniou I (2019) Developmentally Engi-
neered Callus Organoid Bioassemblies Exhibit Predictive
In Vivo Long Bone Healing. Advanced Science (Wein-
heim, Baden-Wurttemberg, Germany) 7: 1902295. DOI:
10.1002/advs.201902295.

Odgren PR, Witwicka H, Reyes-Gutierrez P (2016)
The cast of clasts: catabolism and vascular invasion dur-
ing bone growth, repair, and disease by osteoclasts, chon-

droclasts, and septoclasts. Connective Tissue Research 57:
161-174. DOI: 10.3109/03008207.2016.1140752.

Ono K, Hata K, Nakamura E, Ishihara S, Kobayashi
S, Nakanishi M, Yoshida M, Takahata Y, Murakami T,
Takenoshita S, Komori T, Nishimura R, Yoneda T (2021)
Dmrt2 promotes transition of endochondral bone formation
by linking Sox9 and Runx2. Communications Biology 4:
326. DOI: 10.1038/s42003-021-01848-1.

Ota N, Takaishi H, Kosaki N, Takito J, Yoda M,
Tohmonda T, Kimura T, Okada Y, Yasuda H, Kawaguchi
H, Matsumoto M, Chiba K, Ikegami H, Toyama Y (2009)
Accelerated cartilage resorption by chondroclasts during
bone fracture healing in osteoprotegerin-deficient mice.
Endocrinology 150: 4823-4834. DOI: 10.1210/en.2009-
0452.

Park J, Gebhardt M, Golovchenko S, Perez-Branguli
F, Hattori T, Hartmann C, Zhou X, deCrombrugghe
B, Stock M, Schneider H, von der Mark K (2015)
Dual pathways to endochondral osteoblasts: a novel
chondrocyte-derived osteoprogenitor cell identified in hy-
pertrophic cartilage. Biology Open 4: 608-621. DOI:
10.1242/bio.201411031.

Pérez-Lozano ML, Sudre L, van Eegher S,
Citadelle D, Pigenet A, Lafage-Proust MH, Pastoureau
P, De Ceuninck F, Berenbaum F, Houard X (2022)
Gremlin-1 and BMP-4 Overexpressed in Osteoarthri-
tis Drive an Osteochondral-Remodeling Program in
Osteoblasts and Hypertrophic Chondrocytes. Interna-
tional Journal of Molecular Sciences 23: 2084. DOI:
10.3390/ijms23042084.

Perry MJ, McDougall KE, Hou SC, Tobias JH (2008)
Impaired growth plate function in bmp-6 null mice. Bone
42: 216-225. DOI: 10.1016/j.bone.2007.09.053.

Pitsillides AA, Beier F (2011) Cartilage biology in
osteoarthritis–lessons from developmental biology. Nature
Reviews. Rheumatology 7: 654-663. DOI: 10.1038/nr-
rheum.2011.129.

Prein C, Beier F (2019) ECM signaling in carti-
lage development and endochondral ossification. Cur-
rent Topics in Developmental Biology 133: 25-47. DOI:
10.1016/bs.ctdb.2018.11.003.

Qin X, Jiang Q, Nagano K, Moriishi T, Miyazaki T,
Komori H, Ito K, Mark KVD, Sakane C, Kaneko H, Ko-
mori T (2020) Runx2 is essential for the transdifferentia-
tion of chondrocytes into osteoblasts. PLoS Genetics 16:
e1009169. DOI: 10.1371/journal.pgen.1009169.

Ramasamy SK, Kusumbe AP, Wang L, Adams RH
(2014) Endothelial Notch activity promotes angiogenesis
and osteogenesis in bone. Nature 507: 376-380. DOI:
10.1038/nature13146.

Rashid H, Smith CM, Convers V, Clark K, Javed
A (2024) Runx2 deletion in hypertrophic chondrocytes
impairs osteoclast mediated bone resorption. Bone 181:
117014. DOI: 10.1016/j.bone.2024.117014.

Riegger J, Huber-Lang M, Brenner RE (2020)

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


www.ecmjournal.org 235

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

Crucial role of the terminal complement complex in
chondrocyte death and hypertrophy after cartilage
trauma. Osteoarthritis and Cartilage 28: 685-697. DOI:
10.1016/j.joca.2020.01.004.

Rolian C (2020) Endochondral ossification and the
evolution of limb proportions. Wiley Interdisciplinary
Reviews. Developmental Biology 9: e373. DOI:
10.1002/wdev.373.

Romeo SG, Alawi KM, Rodrigues J, Singh A,
Kusumbe AP, Ramasamy SK (2019) Endothelial prote-
olytic activity and interaction with non-resorbing osteo-
clasts mediate bone elongation. Nature Cell Biology 21:
430-441. DOI: 10.1038/s41556-019-0304-7.

Salhotra A, Shah HN, Levi B, Longaker MT (2020)
Mechanisms of bone development and repair. Nature
Reviews. Molecular Cell Biology 21: 696-711. DOI:
10.1038/s41580-020-00279-w.

Scheiber AL, Wilkinson KJ, Suzuki A, Enomoto-
Iwamoto M, Kaito T, Cheah KS, Iwamoto M, Leikin S,
Otsuru S (2022) 4PBA reduces growth deficiency in osteo-
genesis imperfecta by enhancing transition of hypertrophic
chondrocytes to osteoblasts. JCI Insight 7: e149636. DOI:
10.1172/jci.insight.149636.

Scotti C, Piccinini E, Takizawa H, Todorov A,
Bourgine P, Papadimitropoulos A, Barbero A, Manz MG,
Martin I (2013) Engineering of a functional bone organ
through endochondral ossification. Proceedings of the Na-
tional Academy of Sciences of the United States of America
110: 3997-4002. DOI: 10.1073/pnas.1220108110.

Scotti C, Tonnarelli B, Papadimitropoulos A, Scher-
berich A, Schaeren S, Schauerte A, Lopez-Rios J, Zeller
R, Barbero A, Martin I (2010) Recapitulation of endo-
chondral bone formation using human adult mesenchy-
mal stem cells as a paradigm for developmental engineer-
ing. Proceedings of the National Academy of Sciences
of the United States of America 107: 7251-7256. DOI:
10.1073/pnas.1000302107.

Shu B, ZhangM, Xie R, WangM, Jin H, HouW, Tang
D, Harris SE, Mishina Y, O’Keefe RJ, Hilton MJ, Wang Y,
Chen D (2011) BMP2, but not BMP4, is crucial for chon-
drocyte proliferation and maturation during endochondral
bone development. Journal of Cell Science 124: 3428-
3440. DOI: 10.1242/jcs.083659.

Silvestrini G, Ballanti P, Patacchioli F, Leopizzi M,
Gualtieri N, Monnazzi P, Tremante E, Sardella D, Bonucci
E (2005) Detection of osteoprotegerin (OPG) and its lig-
and (RANKL) mRNA and protein in femur and tibia of
the rat. Journal of Molecular Histology 36: 59-67. DOI:
10.1007/s10735-004-3839-1.

Singh P, Lessard SG, Mukherjee P, Rourke B,
Otero M (2021) Changes in DNA methylation accom-
pany changes in gene expression during chondrocyte
hypertrophic differentiation in vitro. Annals of the
New York Academy of Sciences 1490: 42-56. DOI:
10.1111/nyas.14494.

Sobacchi C, Frattini A, Guerrini MM, AbinunM, Pan-
grazio A, Susani L, Bredius R, Mancini G, Cant A, Bishop
N, Grabowski P, Del Fattore A, Messina C, Errigo G,
Coxon FP, Scott DI, Teti A, Rogers MJ, Vezzoni P, Villa
A, Helfrich MH (2007) Osteoclast-poor human osteopetro-
sis due to mutations in the gene encoding RANKL. Nature
Genetics 39: 960-962. DOI: 10.1038/ng2076.

Stickens D, Behonick DJ, Ortega N, Heyer B, Harten-
stein B, Yu Y, Fosang AJ, Schorpp-Kistner M, Angel
P, Werb Z (2004) Altered endochondral bone develop-
ment in matrix metalloproteinase 13-deficient mice. De-
velopment (Cambridge, England) 131: 5883-5895. DOI:
10.1242/dev.01461.

Sueyoshi T, Yamamoto K, Akiyama H (2012) Condi-
tional deletion of Tgfbr2 in hypertrophic chondrocytes de-
lays terminal chondrocyte differentiation. Matrix Biology:
Journal of the International Society for Matrix Biology 31:
352-359. DOI: 10.1016/j.matbio.2012.07.002.

Sun X, Huang H, Pan X, Li S, Xie Z, Ma Y, Hu B,
Wang J, Chen Z, Shi P (2019) EGR1 promotes the cartilage
degeneration and hypertrophy by activating the Krüppel-
like factor 5 and β-catenin signaling. Biochimica et Bio-
physica Acta. Molecular Basis of Disease 1865: 2490-
2503. DOI: 10.1016/j.bbadis.2019.06.010.

Tan Z, Kong M, Wen S, Tsang KY, Niu B, Hartmann
C, Chan D, Hui CC, Cheah KSE (2020) IRX3 and IRX5
Inhibit Adipogenic Differentiation of Hypertrophic Chon-
drocytes and Promote Osteogenesis. Journal of Bone and
Mineral Research: the Official Journal of the American So-
ciety for Bone and Mineral Research 35: 2444-2457. DOI:
10.1002/jbmr.4132.

Teti A (2011) Bone development: overview of bone
cells and signaling. Current Osteoporosis Reports 9: 264-
273. DOI: 10.1007/s11914-011-0078-8.

Thielen N, Neefjes M, Wiegertjes R, van den Akker
G, Vitters E, van Beuningen H, Blaney Davidson E, Koen-
ders M, van Lent P, van de Loo F, van Caam A, van
der Kraan P (2021) Osteoarthritis-Related Inflammation
Blocks TGF-β’s Protective Effect on Chondrocyte Hyper-
trophy via (de)Phosphorylation of the SMAD2/3 Linker Re-
gion. International Journal ofMolecular Sciences 22: 8124.
DOI: 10.3390/ijms22158124.

Tsang KY, Chan D, Cheah KSE (2015) Fate of growth
plate hypertrophic chondrocytes: death or lineage exten-
sion? Development, Growth & Differentiation 57: 179-
192. DOI: 10.1111/dgd.12203.

Tsukamoto S, Kuratani M, Tanaka S, Jimi E, Oda
H, Katagiri T (2023) Wnt7b expressed by hypertrophic
chondrocytes is a stimulatory factor for endochondral os-
sification that is regulated by Smad4 activity. Devel-
opment (Cambridge, England) 150: dev201734. DOI:
10.1242/dev.201734.

Tuckermann J, Adams RH (2021) The endothelium-
bone axis in development, homeostasis and bone and joint
disease. Nature Reviews. Rheumatology 17: 608-620.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


236 www.ecmjournal.org

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

DOI: 10.1038/s41584-021-00682-3.
Verbeeck L, Geris L, Tylzanowski P, Luyten FP

(2019) Uncoupling of in-vitro identity of embryonic limb
derived skeletal progenitors and their in-vivo bone form-
ing potential. Scientific Reports 9: 5782. DOI:
10.1038/s41598-019-42259-x.

VortkampA, Pathi S, Peretti GM, Caruso EM, Zaleske
DJ, Tabin CJ (1998) Recapitulation of signals regulating
embryonic bone formation during postnatal growth and in
fracture repair. Mechanisms of Development 71: 65-76.
DOI: 10.1016/s0925-4773(97)00203-7.

Wang F, Rummukainen P, Pehkonen M, Säämänen
AM, Heino TJ, Kiviranta R (2022a) Mesenchymal cell-
derived Wnt1 signaling regulates subchondral bone remod-
eling but has no effects on the development of growth plate
or articular cartilage in mice. Bone 163: 116497. DOI:
10.1016/j.bone.2022.116497.

Wang H, Zheng C, Lu W, He T, Fan J, Wang C,
Jie Q, Chan D, Cheah KSE, Yang L (2022b) Hedgehog
signaling orchestrates cartilage-to-bone transition indepen-
dently of Smoothened. Matrix Biology: Journal of the In-
ternational Society for Matrix Biology 110: 76-90. DOI:
10.1016/j.matbio.2022.04.006.

Wang K, Ma C, Feng JQ, Jing Y (2022c) The Emerg-
ing Role of Cell Transdifferentiation in Skeletal Develop-
ment and Diseases. International Journal of Molecular Sci-
ences 23: 5974. DOI: 10.3390/ijms23115974.

Wang Q, Huang C, Zeng F, Xue M, Zhang X (2010)
Activation of the Hh pathway in periosteum-derived mes-
enchymal stem cells induces bone formation in vivo: im-
plication for postnatal bone repair. The American Jour-
nal of Pathology 177: 3100-3111. DOI: 10.2353/aj-
path.2010.100060.

Wang T, Wang Y, Menendez A, Fong C, Babey M,
Tahimic CGT, Cheng Z, Li A, Chang W, Bikle DD (2015)
Osteoblast-Specific Loss of IGF1R Signaling Results in
Impaired Endochondral Bone Formation During Fracture
Healing. Journal of Bone and Mineral Research: the Offi-
cial Journal of the American Society for Bone and Mineral
Research 30: 1572-1584. DOI: 10.1002/jbmr.2510.

Wang X, Guan Y, Xiang S, Clark KL, Alexander PG,
Simonian LE, Deng Y, Lin H (2022d) Role of Canonical
Wnt/β-Catenin Pathway in Regulating Chondrocytic Hy-
pertrophy in Mesenchymal Stem Cell-Based Cartilage Tis-
sue Engineering. Frontiers in Cell and Developmental Bi-
ology 10: 812081. DOI: 10.3389/fcell.2022.812081.

Wang X, He T, He L, Yang B, Liu Z, Pang M,
Xie P, Zhang L, Rong L (2021) Melatonin contributes
to the hypertrophic differentiation of mesenchymal stem
cell-derived chondrocytes via activation of the Wnt/β-
catenin signaling pathway: Melatonin promotes MSC-
derived chondrocytes hypertrophy. Stem Cell Research &
Therapy 12: 467. DOI: 10.1186/s13287-021-02536-x.

Wang X, Yu YY, Lieu S, Yang F, Lang J, Lu
C, Werb Z, Hu D, Miclau T, Marcucio R, Colnot C

(2013) MMP9 regulates the cellular response to inflam-
mation after skeletal injury. Bone 52: 111-119. DOI:
10.1016/j.bone.2012.09.018.

Wang Y, Yu X, Baker C, Murphy WL, McDevitt TC
(2016) Mineral particles modulate osteo-chondrogenic dif-
ferentiation of embryonic stem cell aggregates. Acta Bio-
materialia 29: 42-51. DOI: 10.1016/j.actbio.2015.10.039.

Wolff LI, Houben A, Fabritius C, Angus-Hill M,
Basler K, Hartmann C (2021) Only the Co-Transcriptional
Activity of β-Catenin Is Required for the Local Regulatory
Effects in Hypertrophic Chondrocytes on Developmental
BoneModeling. Journal of Bone andMineral Research: the
Official Journal of the American Society for Bone andMin-
eral Research 36: 2039-2052. DOI: 10.1002/jbmr.4396.

Wong SA, Hu DP, Slocum J, Lam C, Nguyen M,
Miclau T, Marcucio RS, Bahney CS (2021) Chondrocyte-
to-osteoblast transformation in mandibular fracture repair.
Journal of Orthopaedic Research: Official Publication of
the Orthopaedic Research Society 39: 1622-1632. DOI:
10.1002/jor.24904.

Wuelling M, Neu C, Thiesen AM, Kitanovski S, Cao
Y, Lange A, Westendorf AM, Hoffmann D, Vortkamp
A (2021) Epigenetic Mechanisms Mediating Cell State
Transitions in Chondrocytes. Journal of Bone and Min-
eral Research: the Official Journal of the American So-
ciety for Bone and Mineral Research 36: 968-985. DOI:
10.1002/jbmr.4263.

Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas
SC, O’Brien CA (2011) Matrix-embedded cells control os-
teoclast formation. Nature Medicine 17: 1235-1241. DOI:
10.1038/nm.2448.

Yamamoto K, Kawai M, Yamazaki M, Tachikawa K,
Kubota T, Ozono K, Michigami T (2019) CREB activa-
tion in hypertrophic chondrocytes is involved in the skele-
tal overgrowth in epiphyseal chondrodysplasia Miura type
caused by activating mutations of natriuretic peptide recep-
tor B. Human Molecular Genetics 28: 1183-1198. DOI:
10.1093/hmg/ddy428.

Yang L, Tsang KY, Tang HC, Chan D, Cheah KSE
(2014) Hypertrophic chondrocytes can become osteoblasts
and osteocytes in endochondral bone formation. Pro-
ceedings of the National Academy of Sciences of the
United States of America 111: 12097-12102. DOI:
10.1073/pnas.1302703111.

Yoon DS, Kim EJ, Cho S, Jung S, Lee KM, Park KH,
Lee JW, Kim SH (2023) RUNX2 stabilization by long non-
coding RNAs contributes to hypertrophic changes in human
chondrocytes. International Journal of Biological Sciences
19: 13-33. DOI: 10.7150/ijbs.74895.

Zelzer E, Glotzer DJ, Hartmann C, Thomas D, Fukai
N, Soker S, Olsen BR (2001) Tissue specific regulation
of VEGF expression during bone development requires
Cbfa1/Runx2. Mechanisms of Development 106: 97-106.
DOI: 10.1016/s0925-4773(01)00428-2.

Zelzer E, Mamluk R, Ferrara N, Johnson RS, Schipani

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14


www.ecmjournal.org 237

European Cells and Materials Vol.47 2024 (pages 219–237) DOI: 10.22203/eCM.v047a14

E, Olsen BR (2004) VEGFA is necessary for chon-
drocyte survival during bone development. Develop-
ment (Cambridge, England) 131: 2161-2171. DOI:
10.1242/dev.01053.

Zhang Y, Ahmadpoor X, Lin H (2023) Roles of Lo-
cal Soluble Factors in Maintaining the Growth Plate: An
Update. Genes 14: 534. DOI: 10.3390/genes14030534.

Zhou G, Jiang X, Zhang H, Lu Y, Liu A, Ma X,
Yang G, Yang R, Shen H, Zheng J, Hu Y, Yang X, Zhang
WJ, Xie Z (2015) Zbtb20 regulates the terminal differenti-
ation of hypertrophic chondrocytes via repression of Sox9.
Development (Cambridge, England) 142: 385-393. DOI:
10.1242/dev.108530.

Zhou W, Lin J, Zhao K, Jin K, He Q, Hu Y, Feng G,

Cai Y, Xia C, Liu H, Shen W, Hu X, Ouyang H (2019)
Single-Cell Profiles and Clinically Useful Properties of Hu-
man Mesenchymal Stem Cells of Adipose and Bone Mar-
row Origin. The American Journal of Sports Medicine 47:
1722-1733. DOI: 10.1177/0363546519848678.

Zhou X, von der Mark K, Henry S, Norton W,
Adams H, de Crombrugghe B (2014) Chondrocytes trans-
differentiate into osteoblasts in endochondral bone dur-
ing development, postnatal growth and fracture healing in
mice. PLoS Genetics 10: e1004820. DOI: 10.1371/jour-
nal.pgen.1004820.

Editor’s note: The Scientific Editor responsible for
this paper was Chris Evans.

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v047a14

	Introduction
	Bone Development
	Intramembranous Ossification
	Endochondral Ossification

	Developmental Engineering and Hypertrophic Chondrocytes
	The Role of Hypertrophic Chondrocytes in Tissue Regeneration and Fracture Healing
	Hypertrophic Chondrocytes Mediate the Crosstalk between Cartilage and Bone
	Hypertrophic Chondrocytes Regulate Osteogenic-Angiogenic Coupling
	Hypertrophic Chondrocytes Regulate Osteogenesis-Osteoclast Coupling

	Fate of Hypertrophic Chondrocytes
	Conclusion
	List of Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgments
	Funding
	Conflict of Interest
	References

