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Purpose of Review The goal of the review is to summarize the current knowledge on the process of chondrocyte-to-osteoblast
transdifferentiation during endochondral bone formation and its potential implications in fracture healing and disease.

Recent Findings Lineage tracing experiments confirmed the transdifferentiation of chondrocytes into osteoblasts. More recent
studies lead to the discovery of molecules involved in this process, as well as to the hypothesis that these cells may re-enter a stem

cell-like phase prior to their osteoblastic differentiation.

Summary This review recapitulates the current knowledge regarding chondrocyte transdifferentiating into osteoblasts, the de-
velopmental and postnatal events where transdifferentiation appears to be relevant, and the molecules implicated in this process.
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Introduction

Chondrocytes build up the cartilaginous parts of the skeleton.
The embryonic skeleton is to a great extent cartilaginous and
needs to be remodeled into bone in a process referred to as
endochondral bone formation. Based on fate, two types of hy-
aline cartilage can be distinguished: temporary and permanent
cartilage. The articular cartilage in the joints is considered per-
manent cartilage, as it normally in a healthy joint does not
ossify. In contrast, temporary cartilage is gradually replaced
by bone, a process that ends in humans at puberty and is re-
ferred to as endochondral bone formation. During the process
of endochondral ossification, chondrocytes eventually go
through hypertrophy. This differentiation step is accompanied
by an exit from cell cycle and 10-15-fold volume increase
[1-3]. In addition, hypertrophic chondrocytes produce a unique
extracellular matrix consisting mostly of type 10 collagen fibers
[4, 5]. As the hypertrophic chondrocytes mature, their matrix
mineralizes. The matrix originally mineralizes in a circumfer-
ential pattern as long as the hypertrophic chondrocytes are not
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organized within the growth plate. Upon the occurrence of the
latter, the mineralization pattern changes and only the
intercolumnar matrix of the longitudinal septa is mineralized.
For the remodeling of the cartilage template into bone, hyper-
trophic chondrocytes have to be removed. Yet, the final fate of
hypertrophic chondrocytes, whether they undergo programmed
cell death or survive and differentiate into osteoblasts, has long
been under debate. Only recently, lineage-tracing data provided
in vivo evidence that chondrocytes derived from the hypertro-
phic zone continue to live and differentiate into osteoblasts and
osteocytes. This process is referred to as chondrocyte-to-
osteoblast transdifferentiation, whereby probably mature hy-
pertrophic chondrocytes differentiate into osteoblasts.
Transdifferentiation has been proposed to occur in two ways:
either directly without an intermediate step of pluripotency or
progenitor-like stage in the secondary ossification center (SOC)
or indirectly involving intermediate steps of dedifferentiation
and re-differentiation [6]. This review will summarize the cur-
rent knowledge on the process of chondrocyte-derived osteo-
blast differentiation, the molecules implicated in this process,
and the developmental and postnatal events where
transdifferentiation may be relevant.

Endochondral Bone Formation in Long Bones

The majority of the skeletal elements are generated during
embryonic development by the process of endochondral bone
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formation. This involves the formation of a cartilage template,
which is then remodeled into bone during the late stages of
embryonic development and juvenile life. The cellular com-
ponents of the skeletal elements are chondrocytes producing
the hyaline cartilage matrix rich in type 2 collagen and osteo-
blasts producing as a bone matrix osteoid, which subsequently
becomes mineralized. Both cell types are of mesenchymal
origin and share a common precursor the osteochondro-pro-
genitor. In endochondral bone formation, chondrocytes differ-
entiate within mesenchymal cellular condensations molding
the cartilaginous template of the future skeletal element.
These templates then expand by appositional and interstitial
growth involving the recruitment of precursors from the sur-
rounding mesenchymal perichondrial cells or the division of
chondrocytes within the template, respectively. Once the tem-
plate reaches a critical size, chondrocytes in the middle begin
to differentiate into prehypertrophic chondrocytes, which pro-
duce the secreted factor Indian hedgehog (IHH). Amongst
others, IHH induces mesenchymal precursor cells in the peri-
chondrium to differentiate into osteoblast precursors [7, 8].
Prehypertrophic chondrocytes then mature further into hyper-
trophic chondrocytes. The latter produce amongst others vas-
cular endothelial growth factor (VEGF) to attract blood ves-
sels to the central region of the avascular cartilage template
[9]. The invasion of blood vessels is necessary for the forma-
tion of the bone marrow cavity/primary ossification center
(POC). Along with the formation of the bone marrow cavity,
the cartilage-to-bone transition zone, also known as the
chondro-osseous border, forms. Prior to bone marrow cavity
formation, the centrally located hypertrophic chondrocytes
produce a mineralized extracellular matrix. During bone mar-
row cavity formation, hypertrophic chondrocytes in the min-
eralized zone are removed, while their mineralized matrix
stays behind and serves as the primary scaffold for osteoblasts
to lay down bone matrix and to build the primary spongiosa.
The textbook view has long been that osteoblasts originate
from the perichondrium/periosteum; from there, they migrate
as precursors together with the blood vessels into the forming
bone marrow cavity [10]. The perichondrial/periosteal located
precursors are still not fully committed to the osteoblast line-
age and differentiate into chondrocytes if certain factors, such
as OSTERIX or (3-catenin are missing [11-14]. In addition to
the primary ossification center, a SOC forms in the epiphyses
of long bones. Dependent on the species this occurs either
peri- (e.g., human) or postnatally (e.g., mouse). In all species,
cartilage canals are formed prior to SOC formation, with sub-
stantial differences regarding the time intervals between the
two events [15]. Cartilage canals start off as invaginations
from the perichondrium with macrophages at their apical tips
resorbing the cartilage matrix. The canals bear vessels and
mesenchymal cells. They finally reach the concentric zone
of hypertrophic chondrocytes within the epiphysis, which pro-
duces VEGF. In mice, several small ossification nuclei appear
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in the center of the epiphysis and rapidly coalesce into a large
SOC [16].

A bone marrow cavity forms in the POC and the SOC. Yet,
the process of bone marrow cavity formation is still a kind of a
mystery. One prerequisite for it to occur is that hypertrophic
chondrocytes need to be removed/disappear. With the re-
discovery of programmed cell death in the 1990s, it was gen-
erally assumed that chondrocyte removal involves apoptosis
[17, 18]. Other studies suggest that besides classical apoptosis
other mechanisms of physiological cell death must be at play,
as apoptotic chondrocytes are only sparsely detected in vivo
[19-22]. However, the idea that the hypertrophic
chondrocytes eventually all undergo cell death has been op-
posed by careful histological analyses revealing that some of
the hypertrophic chondrocytes survive after blood vessels
penetrated their lacunae [23-25]. In line with this, numerous
in vitro observations ranging from histology over explant/cell
cultures suggested that hypertrophic chondrocytes have the
potential to differentiate into osteoblasts (reviewed in
[26-28]). In addition, an alternative model, the concept of
the “borderline chondrocyte,” has been proposed, whereby
the early hypertrophic chondrocytes located in the mid-
diaphysis directly bordering the perichondrial osteogenic cells
are being exposed to a special microenvironment that fosters
their differentiation into osteoblasts, while hypertrophic
chondrocytes located further away would undergo apoptosis
[29, 30]. Together, this led to the controversial discussion
about the final fate of chondrocytes; do they die or have a
second career as osteoblasts?

The “Second Career” of Hypertrophic
Chondrocytes

A chondrogenic origin of osteoblast has previously been ob-
served in various culture and graft experiments [29, 31-33].
Molecularly, conditional inactivation of the Sox9 gene in
chondrocytes resulted in the observation of an aberrant differ-
entiation of osteoblasts potentially originating from
chondrocytes, which appear to skip full hypertrophic differen-
tiation, suggesting that Sox9 is a negative regulator of the
chondrocyte-to-osteoblast differentiation process [34]. Yet,
as no lineage-tracer was used in that study, the chondrogenic
origin of the osteoblastic cells observed was based on the
transient detection of overlapping expressions of Col2al, a
marker for proliferating hyaline chondrocytes, with osteoblas-
tic markers. More recently, cell-lineage tracing experiments
by different labs provided further evidence that chondrocytes,
in particular, chondrogenic cells originating from the
Coll0al-expressing hypertrophic zone of the growth plate,
differentiate into osteoblasts [35, 36ee, 37e, 38e¢].
Chondrocyte-derived osteoblasts are found in the trabeculae
of the POC and at the endosteal layer. Like perichondrial-
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derived osteoblasts, they differentiate further into osteocytes.
However, they are never found in the periosteal layer [35,
36°e, 38e]. Interestingly, periosteal bone formation resembles,
to a certain extent, intramembranous ossification, and in the
latter, chondrocyte-derived bone cells have not been observed
in either of the lineage studies [37¢¢]. Yet, according to all
lineage-tracing studies, not all of the chondrocyte-derived
cells observed in the bone marrow cavity differentiate into
osteoblasts. Only 70-80% of all hypertrophic chondrocyte-
derived cells co-expressed bone-markers such as Collal or
OSTERIX [35, 39¢]. Some of the chondrocyte-derived cells
may contribute to other lineages as well, such as the
adipogenic and pericyte lineages as suggested by Yang and
colleagues [36°°].

According to the lineage studies, the amount of
chondrocyte-derived osteoblast precursors (CDOPs) is
highest at early developmental stages reaching approximately
40% of the total OSTERIX-positive precursors at embryonic
day 16.5 and decreases as development progresses reaching a
steady state of about 20% from postnatal day 1 (P1) through
P7 [38e¢]. Given that the lifespan of a murine osteoblast is
approximately 12 days, the postnatal rate of newly derived
CDOPs is estimated to be around 10% [38e, 40]. In a previ-
ous study, the fluorescent dye mCherry, a monomeric form of
the tetrameric fluorophore DSRed, was expressed directly un-
der the control of the Coll0al regulatory elements [41]. Here,
the fluorescent reporter was detected in hypertrophic
chondrocytes and in cells inside the trabeculae. Yet, based
on co-localization studies using a second transgenic
osteoblast-specific line, the authors came to the conclusion
that the trabecular mCherry signal is due to the persistence
of hypertrophic chondrocytes within the trabeculae and not
caused by transdifferentiation into osteoblasts [41]. Contrary
to the lineage-tracing studies mentioned above, in which the
progeny of Coll0al expressing cells is labeled using either a
constitutive or tamoxifen-inducible form of Cre-recombinase
under the control of the Col/0al regulatory elements, in the
study by Maye and colleagues, primarily the cells that actively
express CollOal are labeled and only if the label is stable
enough, a signal can be detected in the progeny as well [35,
3600, 370, 41].

In the long bones, chondrocyte-to-osteoblast
transdifferentiation also occurs postnatally in the epiphy-
sis during SOC formation [42¢¢]. Aghajanian and col-
leagues report that osteoblast differentiation in the SOC
proceeds vascular invasion, which occurs around postna-
tal day (P) 9 [42e]. Similarly, mesenchymal stem cells
arrived in the SOC only later together with the invading
blood vessels. Given the relatively fast temporal occur-
rence of osteoblastic differentiation, Agahajanian and col-
leagues hypothesize that the hypertrophic chondrocytes,
in this context, should rather be considered as
preosteoblasts. Yet alternatively, these hypertrophic SOC

cells may have some kind of stem cell character as they
express high levels of the BMP antagonist, Gremlin 1,
which was recently proposed to mark skeletal stem cells
in the bone marrow [43, 44]. In conclusion, Aghajanian
and colleagues proposed based on their work that epiph-
yseal chondrocytes are the major source of SOC-
osteoblasts and raise the question to what extent mesen-
chymal stem cells contribute to the osteoblast population
[42<°]. At least at P15, we found that about 41% percent
of the OSX-positive cells were negative for the
Coll0al-Cre linecage marker, YFP, and hence should be
of mesenchymal stem cell origin, while on average 59%
percent of the OSX-positive cells co-expressed YFP
(Wolff and Hartmann, unpublished observation). As such,
the percentage of CDOPs in the SOC at P15 corresponds
to the percentage of CDOPs in the POC at E16.5. As
such, our unpublished data points towards a potentially
higher contribution of chondrocyte-derived osteoblasts in
the SOC. Nevertheless, based on our unpublished data,
there still is a considerable contribution from a non-
chondrogenic preosteoblast population in the SOC.

Chondrocyte-to-osteoblast transdifferentiation is also ob-
served in other skeletal elements such as the mandibular con-
dyle [28, 45¢¢]. The mandibular condylar cartilage is consid-
ered “secondary” cartilage and differs in its developmental
origin from that of primary cartilage as found, for example,
in the limbs [46]. Structurally and histologically, the process
of bone formation in secondary cartilage is reminiscent to that
in epiphyseal cartilage [46]. The percentage of chondrocyte-
derived bone cells in the mandibular condyle is relatively high
reaching 80% in the immediately subchondral (superior) zone.
Yet, similar to the situation in the long bones, not all of these
chondrocyte-derived bone cells correspond to osteoblasts, as
only half of them co-express type I collagen. A more detailed
examination using earlier osteoblastic markers such as
RUNX2 and OSTERIX may allow for an even more accurate
estimation of the percentage of chondrocyte-derived osteo-
blasts in the mandibular condyle.

A unique form of chondrocyte-to-osteoblast transforma-
tion has been observed postnatally in the calvarial cartilage
anlagen of MT1-MMP knockout animals. Here, MT1-
MMP deficiency results in the persistence of distinct,
devitalized, ghost cartilages. Most of the chondrocytes
retained therein undergo delayed apoptosis, yet, some
chondrocytes escape this fate. These chondrocytes initiate
cell division and switch to an osteogenic program express-
ing type I collagen and osteocalcin [47]. Interestingly, dis-
tinct from the POC, SOC, and mandibular condyle, these
chondrocytes never expressed type X collagen, the marker
for hypertrophic chondrocytes [47].

At last, chondrocyte-to-osteoblast transformation also oc-
curs during fracture repair as reported by several groups [28,
35, 37¢, 48-51, 52¢°].
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Mechanisms Underlying
Chondrocyte-to-Osteoblast
Transdifferentiation

The molecular mechanisms underlying the process of
chondrocyte-to-osteoblast differentiation are not well under-
stood yet. As mentioned already, hypertrophic chondrocytes
increase their volume by about 10-fold. In contrast, osteoblast
precursors are much smaller in size. Hence, either some cells
expressing the hypertrophic marker Col/l(Oal within the hy-
pertrophic zone remain small in size or the hypertrophic cells
would need to shrink again during the process of
transdifferentiation into osteoblasts. As for the latter, one po-
tential mechanism could be asymmetric cell division. This has
been reported previously to occur at the cartilage to bone
marrow edge in cultured cut femoral pieces from the chicken
leg [53, 54]. Results from the in vitro experiments in chicken
further suggest that within the long bone growth plate, only
hypertrophic chondrocytes are capable to transdifferentiate
[55]. One early event during transdifferentiation appears to
be cell division. Hypertrophic chondrocytes are normally
characterized as cells that no longer undergo mitosis, yet, in
culture, some cells, located directly at the chondro-osseous
border, have been observed to re-enter the cell cycle and di-
vide [55-57]. Interestingly, the electron microscopic study by
Yoshioka and Yagi demonstrated in the rat mandibular condy-
lar cartilage that hypertrophic chondrocytes at the chondro-
osseous border have been released from their lacunae into
the area of the primary spongiosa [58]. BrdU-labeling of new-
born mouse pups 12 h prior to delivery revealed that within
the growth plate Coll0al-derived YFP* cells located directly
at the chondro-osseous border are mitotically active [38ee].
Furthermore, the Coll0al-derived YFP* cells co-stained in
culture with the stem cell marker SCA1 and this cell popula-
tion expressed additional stem cell markers, such as CD34, c-
Myc, and Sox2 [38<]. The latter suggests that one potential
mechanism for transdifferentiation may be that CDOPs revert
to a more stem cell-like state prior to differentiating into oste-
oblasts. Similarly, chondrocytes contributing to bone forma-
tion during fracture healing re-enter the cell cycle and react
positively for the pluripotency markers OCT4A, NANOG,
and SOX2 [49, 52, 59]. Hu and colleagues demonstrated a
functional role for Sox2 in fracture repair. In Sox2-deficient
animals, 14 days after fracture, the callus is smaller and a
compositional shift towards a lower percentage of bone and
a higher percentage of cartilage occurs [52¢¢]. Regarding the
functional analysis of the Sox2-deficient animals, it would
have been interesting to see additional time points during frac-
ture healing being examined. Hu and colleagues suggested
further that the vasculature plays an important role in trigger-
ing transdifferentiation [52¢¢]. Yet, another study in rabbit
provided evidence that the vasculature is not required for
chondrocyte-to-osteoblast transdifferentiation or may even
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negatively influence this process under physiological condi-
tions [60¢]. Here, vascular invasion of the mineralized hyper-
trophic chondrocytes was constrained by the insertion of a
membranous permeable filter into the hypertrophic zone.
Chondrocytes above the membrane survived, re-entered the
cell cycle, produced an osteoblast-like extracellular matrix and
eventually stopped to transcribe the Coll0al gene, yet they
maintain a chondrocyte-like appearance [60¢]. Nevertheless,
under this condition, molecules produced by the vascular en-
dothelial cells can still permeate the membrane and thus may
still be involved in the transdifferentiation of chondrocytes
into osteoblast precursors. As shown recently, there are differ-
ent types of blood vessels in bone. The H-type vessels and the
L-type vessels in the embryo that are both Endomucin™®" and
PCAM/CD31"&" have been shown to support osteoblastogen-
esis producing pro-osteogenic factors such as PDGFx/(3,
TGFp1/3, and FGF1 [61, 62]. Hence, it would be interesting
to see whether the insertion of an impermeable membrane
would still allow transdifferentiation to occur. This kind of
experiment has been performed in the 1950s by Harris and
Dayle, who inserted a Teflon membrane into the growing
rabbit growth plate [63]. Yet, no detailed phenotypic or histo-
logical analysis of this experiment was published. Only one
data point was reported in the review by Salter and Harris
showing that the chondrocytes above the membrane continued
to grow and that the region above the membrane underwent
endochondral ossification 3 weeks after the manipulation [63].
Yet, it is not known whether the hypertrophic chondrocytes
above the membrane differentiated “abnormally” or if they
transdifferentiated under these conditions or whether blood
vessels invaded the new region undergoing endochondral
ossification.

Over the past years, a few factors have been identified that
are involved in chondrocyte-to-osteoblast transdifferentiation:
one of them being (3-catenin, a cytoplasmic molecule that
functions on the one hand as a transcriptional co-factor in
the canonical Wnt/{3-catenin pathway and on the other hand
it is an integral component of the cadherin cell adhesion com-
plex linking cadherins to the cytoskeleton [64]. Chondrocyte-
to-osteoblast transdifferentiation in the long bones is almost
completely blocked in mice lacking (3-catenin activity in hy-
pertrophic chondrocytes [39+¢]. The observation that a few
cells still transdifferentiate may be due to the fact that a con-
ditional system was used; hence, in some cells, Cre-mediated
recombination may not have occurred. The results from gain-
of-function experiments, in which 3-catenin is stabilized in a
subset of hypertrophic chondrocytes, suggest that (3-catenin
drives transdifferentiation in a non-cell-autonomous fashion
as the transdifferentiated OSX™;YFP* cells in the bone mar-
row near the chondro-osseous front did not contain high levels
of 3-catenin protein [39¢¢]. This factor X, which is controlled
by (-catenin and which promotes chondrocyte-to-osteoblast
differentiation, remains to be uncovered (Fig. 1). Similar
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observations regarding the role of B-catenin in
transdifferentiation were also reported in the mandibular con-
dyle cartilage [65¢]. In periosteal osteoblast precursor cells, (3-
catenin activity is required to repress the pro-chondrogenic
transcription factor Sox9 [13]. Yet, this appears not to be the
mechanism by which 3-catenin in hypertrophic chondrocytes
influences chondrocyte-to-osteoblast transdifferentiation, as
Sox9 levels or persistence were not altered in hypertrophic
chondrocytes lacking 3-catenin [39+¢]. Another molecule im-
plicated in transdifferentiation is the tyrosine-protein phospha-
tase non-receptor type 11 (PTPN11) protein also known as
SH2 domain-containing protein tyrosine phosphatase 2
(SHP2). This cytoplasmic phosphatase is ubiquitously
expressed. Conditional mutants lacking SHP2 activity specif-
ically in Col10a1-Cre expressing cells are osteopenic and dis-
play a reduction of transdifferentiating chondrocytes by about
1.3-fold accompanied by the reduction of osteogenic markers
[66°¢]. Mechanistic studies revealed that SOX9 was more
abundant, while (3-catenin abundance was reduced in the hy-
pertrophic zone of conditional Shp2 mutants (Fig. 1) [66°¢].
Furthermore, Wang and colleagues showed genetically that
removal of one Sox9 allele restored the expression of osteo-
genic markers and the (3-catenin levels [66¢¢]. It has been
shown previously in chondrocytes that an increase in SOX9
protein promotes phosphorylation of (3-catenin in the nucleus
and its subsequent degradation [67]. Whether the reverse is
also true is still under debate [67, 68]. Currently, it is unclear if
or to what extent the downregulation of 3-catenin contributes

Fig. 1 Sites of chondrocyte-to-
osteoblast transdifferentiation
during endochondral ossification
in the mouse long bone and
signaling pathways and
molecules implicated in the
regulation of this process at the
POC and SOC. For further
details, see text. CDOP
chondrocyte-derived osteoblast
precursor, cOB chondrocyte-
derived osteoblast, HTC
hypertrophic chondrocytes, pCC
proliferating chondrocytes, PDOP
perichondrium-derived osteoblast
precursor, pOB perichondrium-
derived osteoblast

to the reduced chondrocyte-to-osteoblast transdifferentiation
in the conditional SAp2 mutants [66+¢]. In a follow-up study,
the Yang group showed that SHP2 negatively regulated the
phosphorylation and sumoylation of SOX9 affecting its sta-
bility and transcriptional activity [69].

Another factor implicated in the transition from
chondrocytes to osteoblasts is BMPR 1a, a receptor for bone
morphogenetic proteins [70+]. Postnatal inactivation of
BMPR 1a using the inducible Acan-Cre line results in the near-
ly complete absence of hypertrophic chondrocytes in the
growth plate, absence of osteoblasts and osteocytes in the
primary spongiosa, and absence of the SOC. Yet, immature
chondrocyte-derived osteoblasts were still present in the SOC
[70+]. The authors propose a biphasic model of a continuous
skeletal program, with chondrogenesis being phase one and
osteogenesis phase two which strictly depends on BMPR1a in
Aggrecan-positive cells [70¢].

In the SOC, thyroid hormone (TH) has been implicated in
SOC formation and subsequently in the regulation of
chondrocyte-to-osteoblast transdifferentiation [42ee, 71].
Pharmaceutical inhibition of triiodothyronine (T3) and thyrox-
ine (T4) production interferes with SOC formation and
transdifferentiation at P14 [42e¢]. Similarly, SOC formation
was not apparent in P7-P10 hypothyroid 754" mice.
Yet, in these mice, chondrocyte maturation was also abnormal
and no vascular invasion occurred complicating the interpre-
tation. Agajanian and colleagues proposed based on previous
knowledge and in vitro experiments a model whereby TH
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through TR 1, expressed in prehypertrophic chondrocytes,
regulates the /hh and Shh expression in a positive and negative
manner, respectively (Fig. 1). TRo1-dependent signaling, on
the other hand, promotes the expression of Sk [72]. In line
with previous reports that IHH positively regulates chondro-
cyte hypertrophy independent of parathyroid hormone and
that forced SHH expression in chondrocytes maintains them
in an immature state, Agajanian and colleagues proposed a
mechanistic model for TH activity in SOC formation (Fig.
1) [42e+, 73, 74]. Here, TH through IHH promotes chondro-
cyte maturation, opposed by SHH activity maintaining their
immature state. Yet, the situation may be more complicated, as
ablation of /Ah also affects chondrocyte proliferation. In the
embryo, germline as well as conditional chondrocyte-specific
ablation of /hh initially reduces chondrocyte proliferation and
delays chondrocyte maturation [7, 75]. Similarly, knockdown
of Ihh in cultured chondrocytes affects their proliferation [76].
Postnatal conditional deletion of 7hh in Col2al-expressing
cells also results in a decreased chondrocyte proliferation as-
sociated with accelerated chondrocyte maturation and conse-
quently a premature closure of the growth plate. In addition,
abnormalities regarding SOC formation are observed in these
mice, with an abnormal or premature blood vessel invasion
into the epiphysis of P7 specimens and subsequent loss of the
SOC due to the premature growth plate closure [77].

Conclusions and Outlook

The concept that mature chondrocytes can take on a new fate
and differentiate into osteoblasts contributing to trabecular
and endosteal bone formation is now accepted in the field.
This process has also been referred to as the chondro-
osseous cellular continuum [70+, 78]. Regarding SOC forma-
tion, the Mohan group even proposed to rename hypertrophic
chondrocytes as preosteoblasts [42¢¢]. Currently, it is not
known whether the osteoblasts from the different sources are
absolutely identical. There are already some hints in the liter-
ature that there may be differences between them [79, 80].
Furthermore, although recently, some molecules have been
identified that are involved in this process, we are far from
understanding how this exactly occurs at the mechanistic and
cellular level. The process of chondrocyte-to-osteoblast trans-
formation may be primarily relevant during embryonic and
early postnatal endochondral ossification since it does not in-
volve extensive cell migration, as it is the case for
perichondrium-derived osteoblasts. This is reflected by the
observations that the ratio of chondrocyte- to perichondrium-
derived osteoblasts declines during the later stages of embry-
onic endochondral bone formation. This process is also rele-
vant in postnatal events, such as in fracture repair, a process
recapitulating to a certain extent embryonic endochondral
bone formation. Whether the process of chondrocyte-to-
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osteoblast transdifferentiation also plays a role in pathologic
events such as osteoarthritis or hereditary exostosis remains to
be seen in the future.
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