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Perspective

The art of lineage tracing was pioneered in the 19th century by 
Charles O. Whitman and his colleagues, who were motivated 
by the realization that cells did not arise through spontaneous 
generation but rather came from preexisting cells (Conklin 
1905). These discoveries subsequently led to the demonstra-
tion that the ultimate fates of individual cells were often dis-
tinct with each cell, giving rise to cells that had specific roles 
in development. Lineage tracing has since become an estab-
lished and essential tool for studying embryonic development, 
adult tissue homeostasis, stem cell properties, and the mecha-
nisms underlying tissue repair and regeneration. More recently, 
live cell imaging has been combined with lineage tracing to 
provide unprecedented real-time insights into progenitor cell 
origin and fate. In this issue, Jing et al. (2015) use cell lineage–
tracing methods to reevaluate the current dogma concerning 
bone formation and reveal an unexpected fate for hypertrophic 
chondrocytes in mandibular condylar cartilage.

It is well established that bone formation occurs by 2 dis-
tinct processes known as intramembranous and endochondral 
ossification. During intramembranous ossification (or dermal 
bone formation, as it is often called), mesenchymal cells dif-
ferentiate directly into osteoblasts. Osteoblasts are the cells 
that synthesize bone and thus form the major cellular compo-
nent of bone. In contrast, during endochondral ossification, 
mesenchymal progenitor cells differentiate into chondrocytes 
and generate a cartilage template or scaffold, which is then 
replaced by bone. The majority of bone throughout the body, 
including the axial and appendicular skeleton, is formed via 
endochondral ossification, whereas most of the craniofacial 
skeleton is formed via intramembranous ossification. Interestingly, 
the distinction from the mode of cranial versus trunk bone for-
mation is also reflected in the origin of the mesenchymal pro-
genitors. In the head, mesenchymal precursors are derived 
from cranial neural crest cells, whereas in the trunk, mesenchy-
mal progenitors originate in the sclerotome of the somites and 
in the lateral plate mesoderm.

Much of our understanding of endochondral bone develop-
ment has come from studies of long bones in the appendicular 
skeleton, particularly the tibia. The growth plate, which is also 
known as the epiphyseal plate or physis, is the area of tissue 
growth near the ends of the long bones, where chondrocytes 
are produced and undergo maturation. The growth plate con-
sists of 5 well-defined zones: reserve, proliferation (proliferat-
ing and flattened chondrocytes), maturation and hypertrophy, 

calcification, and ossification (Kronenberg 2003). In the 
reserve zone, chondrocytes are small and round and express 
Sox9. During proliferation, chondrocytes form columns and 
express the transcription factors Sox5, Sox6, and Sox9, as well 
as collagen II and aggrecan, which are the major components 
of the immature chondrocyte extracellular matrix. In the pre-
hypertrophic and hypertrophic zones, chondrocytes enlarge 
and become more distant from one another. In concert with 
these size changes, the expression of Sox5, Sox6, and Sox9 is 
downregulated, while parathyroid hormone 1 receptor and 
Indian hedgehog are upregulated, and the extracellular matrix 
of hypertrophic chondrocytes becomes enriched with collagen 
X (ColX). Late hypertrophic chondrocytes, which represent 
the final state of chondrocyte maturation, downregulate ColX 
and upregulate vascular endothelial growth factor A, metallo-
proteinase 13, and osteopontin, which are responsible for 
recruiting endothelial cells, as well as the osteoclast and osteo-
blast precursors that initiate the formation and remodeling of 
bone (reviewed in Kozhemyakina et al. 2015). Similarly, in the 
cranial skeleton, the mandibular condyle is an important 
growth site in the mandible, with similarities to the growth 
plate of the long bones, displaying 4 distinct zones: a fibrous 
cell layer; a progenitor cell layer with high expression of Sox9; 
a zone of flattened chondrocytes that express Sox5, Sox6, and 
Sox9; and a zone of hypertrophic chondrocytes that are abun-
dant in ColX (Fig. B; Sarnat 1966; Silbermann and Frommer 
1972; Purcell et al. 2009).

It is generally thought that during endochondral ossifica-
tion, hypertrophic chondrocytes—at their terminal state of 
chondrocyte maturation—undergo cell death and are subse-
quently replaced by bone. However, whether hypertrophic 
chondrocytes truly undergo apoptosis or transdifferentiate into 
osteoblasts to form bone has been a contentious issue for 
decades (reviewed by Shapiro et al. 2005). Recently, the 
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application of CRE-LOX techniques for lineage tracing, in 
combination with analyses of gene function in mice, has con-
vincingly shown in vivo that not all hypertrophic chondrocytes 
die; instead, they can transdifferentiate directly into osteoblasts 
(G. Yang et al. 2014; L. Yang et al. 2014; Zhou et al. 2014; Park 
et al. 2015).

Jing et al. (2015) provide the first in vivo evidence that 
mandibular chondrocytes directly transform into bone cells 
during development of the mandible. Using 1) triple transgenic 
mice containing collagen I (ColI) carrying a GFP reporter 
(green) to follow bone progenitors (osteoblasts); 2) an induc-
ible CRE allele under the control of aggrecan or ColX to mark 
chondrocytes and hypertrophic chondrocytes, respectively; 
and 3) Rosa 26-tomato (red) to trace chondrocytes and 

hypertrophic chondrocyte lineages, 
Jing et al. reveal that most osteoblasts 
in the growth plate derive from the 
chondroblast lineage.  Based on the num-
ber and location of yellow cells (bone 
cells derived from chondrogenic progen-
itors) in different zones of the growth 
plate, it is clear that hypertrophic chon-
drocytes contribute to the majority of 
the bone cells in the subchondral region 
of the mandibular condyle. Thus, not 
all hypertrophic chondrocytes undergo 
cell death. Furthermore, the authors 
could estimate the proportion of osteo-
blasts that were chondrocyte derived 
and the location of initial ossification 
in the mandibular condylar cartilage.

Consistent with this observation 
during bone formation in the head, the 
direct transformation of cartilage into 
bone has recently been reported for long 
bones in the trunk skeleton (G. Yang et al. 
2014; L. Yang et al. 2014; Zhou et al. 
2014). However, within the appendicu-
lar skeleton, long bones develop from 
continuous mesenchyme. As the mes-
enchyme condenses, this initiates a 
process of segmentation that facilitates 
joint formation. The bones continue 
growing bidirectionally toward the 
joints, creating a growth plate at each 
end. In contrast, in the cranial skeleton, 
the mandibular condyle grows toward 
the glenoid fossa of the temporal bone, 
thereby generating the temporoman-
dibular joint between them (Fig. A). 
Thus, the mandibular condyle presents 
only 1 growth plate, as opposed to the 
long bones, which have 1 in each 
epiphysis. Despite the different modes 
of bone formation in the head and 
trunk, as well as the distinct origins of 
their respective chondroprogenitors, 

the capacity for hypertrophic chondrocytes to differentiate into 
osteoblasts remains the same throughout the body.

The growth plate is of particular clinical significance, as it 
is often the primary site for fractures in young individuals. 
Although bone has a great capacity for repair, there are many 
clinical circumstances in which regeneration fails to occur. In 
these cases, auto- or allografts of bone are necessary to pro-
mote bone regeneration through direct osteogenesis. However, 
this common approach often results in osteonecrosis and lim-
ited integration with the host tissue. Recently, a pioneering 
study using cartilage grafts instead of bone grafts in long bone 
fracture repair demonstrated a considerably higher success rate 
of bone regeneration (Bahney et al. 2014). These results suggest 
that the mechanisms governing bone repair and regeneration 
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Figure.  Growth plate in the mandibular condyle. (A) Comparison of bone development in the 
mandible and in the long bones. In the mandible, the growth plate (GP) is located at the superior 
end of the condyle (C), which is where the condyle grows and extends toward the glenoid fossa to 
form the temporomandibular joint (TMJ), with a joint disc between them (gray). In the long bones, 
the continuous mesenchyme forms the joints by a process called segmentation. Each cartilaginous 
segment extends bidirectionally toward the joints, thus generating 2 GPs, 1 at each end. (B) 
Osteoblasts develop from 2 sources: 1) by contribution from the perichondrium that is adjacent 
to the hypertrophic chondrocytes (in green), which receive their signal to produce osteoblasts 
(green arrows); 2) by direct transdifferentiation of the mature hypertrophic chondrocytes (bone 
derived from cartilage, yellow arrows; bone, green; and cartilage, red; Jing et al. 2015). fc, flatten 
chondrocytes; fl, fibrous layer; hc, hypertrophic chondrocytes; p, perichondrium; pl, progenitor cell 
layer; phc, prehypertrophic chondrocytes.
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are similar to the mechanisms that regulate normal embryonic 
bone development. Likewise, the mandible is also often in 
need of extensive repair due to malformation or fracture 
(Inman et al. 2013; Trainor and Andrews 2013), and current 
surgical procedures are quite invasive and not always fully cor-
rective. Therefore, the work from Jing et al. (2015) provides 
new information that could advance less invasive cranial bone 
regeneration and repair.

In the future, it will be interesting to explore the molecular 
mechanisms governing the transdifferentiation of hypertrophic 
chondrocytes into osteoblasts and to determine whether all 
osteoblasts have the same molecular roles. As a result, the les-
sons learned from developmental biology could provide clues 
to novel strategies for bone repair and regeneration.
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