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Dedication of Fourth Edition
to Lawrence G. Raisz

By the end of the 1970s, when the bone research community felt that it was ready for its own scientific society, Larry Raisz
was one of the leaders of the group that founded the American Society for Bone and Mineral Research (ASBMR). The
ASBMR had its first annual conference in 1979, with Larry serving as its second president. As the first editor of the
Journal of Bone and Mineral Research, for a decade, Larry set the highest scientific standards for quality and integrity.
That standard remains untarnished today.

Larry’s knowledge of the facts in our field was prodigious. His expertise and experience in basic elements of bone
biology were exceptional. He had great understanding and wisdom in interpretation of the clinical implications of basic
bone biology. But he always wanted to know more. At ASBMR and other annual meetings, it was always Larry who rose
to the microphone after a presentation to ask, not only the first question, but typically the best one! Remarkably, Larry
could translate basic bone biology to the clinical arena. Few in our field then or now could so smoothly integrate clinical
aspects of metabolic bone diseases with the burgeoning knowledge of underlying pathophysiological mechanisms. Adding
to these talents was a collegiality and an exuberant enthusiasm that pervaded all venues of Larry Raisz’s world. As
osteoporosis became more widely recognized to be a medical scourge, then and now, Larry quickly grasped the need to
speak about the burden of the disease and contributed to the international dialogue, raising awareness among us all. This
awareness was a major factor in the recognition among countries that we are dealing with a disease that needs greater
understanding at all levels. And, indeed, at all levels, Larry contributed so much.

These qualities made Larry Raisz a wonderfully effective coeditor of the first three editions of Principles of Bone
Biology. Much more than that, though, he was a pleasure to work with as a colleague and friend, exceptionally efficient and
with unfailing humor and optimism when faced with any adversity. Larry would share the highs and lows with you, but the
lows were rare and short lived.

We remember him constantly and dedicate to Lawrence G. Raisz, MD, this fourth edition of what he called “Big Gray.”

John P. Bilezikian
T. John Martin

Thomas L. Clemens
Clifford J. Rosen
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The skeletal system performs vital functions: support, movement, protection, blood cell production, calcium storage, and 
endocrine regulation. Skeletal formation is also a hallmark that distinguishes vertebrate animals from invertebrates. In 
higher vertebrates (i.e., birds and mammals), the skeletal system contains mainly bones and cartilage, as well as a 
network of tendons and ligaments that connects them. During embryonic development, bones and cartilage are formed by 
osteoblasts and chondrocytes, respectively, both of which are derived from common mesenchymal progenitor cells called 
osteochondral progenitors. Skeletal development starts from mesenchymal condensation, during which mesenchymal 
progenitor cells aggregate at future skeletal locations. As mesenchymal cells in different parts of the embryo are derived 
from different cell lineages, the locations of initial skeletal formation determine which of the three mesenchymal cell 
lineages contribute to the future skeleton. Neural crest cells from the branchial arches contribute to the craniofacial bone, 
the sclerotome compartment of the somites gives rise to most of the axial skeleton, and lateral plate mesoderm forms the 
limb mesenchyme, from which limb skeletons are derived. 
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How osteoblast cells are induced during bone development is a central question for understanding the organizational
principles underpinning a functional skeletal system. Abnormal osteoblast differentiation leads to a broad range of
devastating skeletal diseases. Therefore, it is imperative to understand the cellular and molecular mechanisms underlying
temporal and spatial controls of bone formation. Bone formation occurs by two essential processes: intramembranous
ossification and endochondral ossification during embryonic development. Osteochondral progenitors differentiate into
osteoblasts directly to form the membranous bone during intramembranous ossification, whereas during endochondral
ossification, they differentiate into chondrocytes instead to form a cartilage template of the future bone. Both ossification
processes are essential during the natural healing of bone fractures. In this chapter, we focus on current understanding of
the molecular regulation of endochondral and intramembranous bone formation and its implication in diseases.

Intramembranous ossification

Intramembranous ossification mainly occurs during formation of the flat bones of the skull, mandible, maxilla, and
clavicles. The mammalian cranium, or neurocranium, is the upper and back part of the skull. It protects the brain and
supports the sensory organs, such as the ear, and the viscerocranium, which supports the face. The neurocranium can be
divided into calvarium and chondrocranium, which grow to be the cranial vault that surrounds the brain and the skull base,
respectively. The calvarium is composed of flat bones: frontal bones, parietal bones, the interparietal part of the occipital
bone, and the squamous parts of the temporal bone (Jin et al., 2016). In mice, the calvarium consists of frontal bones,
parietal bones, interparietal bone, and squamous parts of the temporal bone, all going through intramembranous ossifi-
cation (Ishii et al., 2015). By lineage analysis in mouse models, frontal bones show a major contribution from neural crest
and a small contribution from head mesoderm, while parietal bones entirely originate from head mesoderm (Jiang et al.,
2002; Yoshida et al., 2008; Deckelbaum et al., 2012). Neural crestederived and head mesodermederived cells coalesce to
form calvarial bone primordia (Jiang et al., 2002; Yoshida et al., 2008). The mandible and maxilla are derived from the
neural crest cells originating in the mid- and hindbrain regions of the neural folds that migrate ventrally, while the clavicles
are formed from mesoderm.

The process starts from mesenchymal condensation and progresses through formation of the ossification center,
ossification expansion, trabecula formation, and compact bone formation and the development of the periosteum (Fig. 1.1).

FIGURE 1.1 Schematics of intramembranous cranial bone formation. See text for details.
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Condensation of mesenchymal progenitor cells is the first step for both intramembranous and endochondral ossification.
During intramembranous ossification, mesenchymal progenitor cells differentiate into osteoblasts instead of chondrocytes
as occurs during endochondral ossification. The osteoblasts that appear first in the condensation secrete bone matrix and
form the ossification center. The early osteoblasts secrete osteoid, uncalcified matrix, which calcifies soon after, while the
osteoblasts mature and terminally differentiate into osteocytes that are entrapped in the osteoid. As osteoblasts differentiate
into osteocytes, more mesenchymal progenitors surrounding the osteoid differentiate into new osteoblast cells at the
osteoid surface to expand the calcification center. Osteoid expansion around the capillaries results in a trabecular matrix of
the spongy bone, while osteoblasts on the superficial layer become the periosteum. The periosteum is a layer that also
contains mesenchymal progenitor cells, osteoblast differentiation of which contributes to the formation of a protective layer
of compact bone. The blood vessels along with other cells between the trabecular bone eventually form the red marrow.
Intramembranous ossification begins in utero during fetal development and continues on into adolescence. At birth, the
skull and clavicles are not fully ossified. Sutures and fontanelles are unossified cranial regions that allow the skull to
deform during passage through the birth canal. Sutures are joints between craniofacial bones, which are composed of two
osteogenic fronts with suture mesenchyme between them (Fig. 1.2). Fontanelles are the space between the skull bones
where the sutures intersect and are covered by tough membranes that protect the underlying soft tissues and brain. In
humans, cranial sutures normally fuse between 20 and 30 years of age and facial sutures fuse after 50 years of age (Badve
et al., 2013; Senarath-Yapa et al., 2012). Most sutures in mice remain patent throughout the animal’s lifetime. Sutures and
fontanelles allow the craniofacial bones to expand evenly as the brain grows, resulting in a symmetrically shaped head.
However, if any of the sutures close too early (fuse prematurely), in the condition called craniosynostosis, there may be no
growth in that area. This may force growth to occur in another area or direction, resulting in an abnormal head shape.

Apart from craniofacial bone development, intramembranous ossification also controls bone formation in the peri-
chondral and periosteal regions of the long bone, where osteoblasts directly differentiate from mesenchymal progenitor
cells. Yet, this requires a signal from the cartilaginous element. Furthermore, intramembranous ossification is an essential
mechanism underlying bone repair and regeneration in the following processes: fracture healing with rigid fixation;
distraction osteogenesis, a bone-regenerative process in which osteotomy followed by gradual distraction yields two
vascularized bone surfaces from which new bone is formed (Ai-Aql et al., 2008); and blastemic bone creation, which
occurs in children with amputations (Fernando et al., 2011).

Intramembranous ossification is tightly regulated at both molecular and cellular levels. Cranial malformations are often
progressive and irreversible, and some of them need aggressive surgical management to prevent or mitigate severe
impairment such as misshapen head or abnormal brain growth (Bronfin, 2001). For instance, craniosynostosis is a common
congenital disorder that affects 1 in 2500 live births. It is characterized by premature cranial suture fusion, which may
result in severe conditions such as increased intracranial pressure, craniofacial dysmorphism, disrupted brain development,
and mental retardation. Craniosynostosis is generally considered a developmental disorder resulting from a disrupted
balance of cellular proliferation, differentiation, and apoptosis within the suture (Senarath-Yapa et al., 2012; Levi et al.,
2012; Slater et al., 2008; Lattanzi et al., 2012; Ciurea and Toader, 2009). Surgical correction followed by reshaping of the
calvarial bones remains the only treatment available for craniosynostosis patients (Martou and Antonyshyn, 2011; Posnick
et al., 2010; Hankinson et al., 2010). In contrast to craniosynostosis, cleidocranial dysplasia (CCD) is caused by reduced
intramembranous bone formation, underdeveloped or absent clavicles (collarbones) as well as delayed maturation of the
skull, manifested by delayed suture closure and larger than normal fontanelles that are noticeable as “soft spots” on the
heads of infants (Farrow et al., 2018). Severe cases of CCD require surgical intervention. Identifying molecular pathways
that control intramembranous ossification is critically important in the mechanistic understanding of craniofacial bone
diseases and their targeted therapeutic development.

FIGURE 1.2 Schematics of cellular composition of the suture. In the suture, mesenchymal stem cells (MSCs) are located in the middle. They may first
become committed preosteoblasts and then finally mature osteoblasts.
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Studies of both developmental biology and rare genetic diseases have led to the identification of critical regulators of
intramembranous ossification. Transcriptional regulation of the osteoblast lineage is considered in detail in Chapter 7. The
runt-related transcription factor 2, RUNX2 (also known as CBFA1), and a zinc finger transcription factor, Osterix (OSX),
are osteoblast lineageedetermining factors required for both intramembranous and endochondral ossifications. Runx2 is
expressed in osteogenic progenitor cells and required for osteoblast cell fate determination by driving osteoblast-specific
gene expression (Ducy et al., 1997; Otto et al., 1997). Runx2 loss-of-function mutations are found in both mice and humans
and cause CCD (Otto et al., 1997; Mundlos et al., 1997; Lee et al., 1997). RUNX2 induces the expression of Osx, which is
required for osteoblast cell fate commitment, as loss of Osx leads to conversion from osteoblasts to chondrocytes
(Nakashima et al., 2002). Under the control of RUNX2 and OSX, osteoblast cells produce osteoblast-specific collagen I
together with a variety of noncollagenous, extracellular matrix (ECM) proteins that are deposited along with an inorganic
mineral phase. The mineral is in the form of hydroxyapatite, a crystalline lattice composed primarily of calcium and
phosphate ions.

Cellecell communication that coordinates cell proliferation and differentiation also plays a critical role in intra-
membranous ossification. The WNT and Hedgehog (HH) signaling activities are required for cell fate determination of
osteoblasts by controlling the expression of Runx2. Active WNT/b-catenin signaling is detected in the developing
calvarium and perichondrium, where osteoblasts differentiate through intramembranous ossification. Indeed, enhanced
WNT/b-catenin signaling enhances bone formation and Runx2 expression, but inhibits chondrocyte differentiation and
Sox9 expression (Hartmann and Tabin, 2000; Guo et al., 2004; Day et al., 2005). Sox9 is a master transcription factor that
determines chondrocyte cell fate (Bi et al., 1999; Akiyama et al., 2002). Conversely, removal of b-catenin in osteochondral
progenitor cells resulted in ectopic chondrocyte differentiation at the expense of osteoblasts during both intramembranous
and endochondral ossification (Hill et al., 2005; Hu et al., 2005; Day et al., 2005). Therefore, during intramembranous
ossification, WNT/b-catenin signaling levels in the mesenchymal condensation are higher, which promotes osteoblast
differentiation while inhibiting chondrocyte differentiation. In addition, upregulated WNT/b-catenin signaling in the
perichondrium also promoted osteoblast differentiation. In contrast to the WNT/b-catenin signaling, Indian hedgehog (IHH)
signaling is not required for osteoblast differentiation of intramembranous bones in the skull (St-Jacques et al., 1999). It is still
not clear what controls Ihh-independent Runx2 expression during intramembranous ossification and it is important to
understand further the differential regulation of intramembranous versus endochondral ossification by cell signaling. As
removing Smoothened, which mediates all HH ligand-dependent signaling, does not abolish intramembranous ossification
either (Jeong et al., 2004), HH signaling is likely to be activated in a ligand-independent manner in the developing calvarium.
Indeed, it has been found that in the rare human genetic disease progressive osseous heteroplasia, which is caused by null
mutations in Gnas, which encodes Gas, HH signaling is upregulated. Such activation of HH signaling is independent of HH
ligands and is both necessary and sufficient to induce ectopic osteoblast cell differentiation in soft tissues (Regard et al.,
2013). Importantly, Gnas gain-of-function mutations upregulate WNT/b-catenin signaling in osteoblast progenitor cells,
resulting in their defective differentiation and in fibrous dysplasia that also affects intramembranous ossification (Regard
et al., 2011). Therefore, Gas is a key regulator of proper osteoblast differentiation through its maintenance of a balance
between the WNT/b-catenin and the HH pathways. The critical role of WNT and HH signaling in intramembranous
ossification is also shown in the suture. Mesenchymal stem cells that give rise to the cranial bone and regulate cranial
bone repair in adult mice have been identified in the suture. These cells are either GLI1þ or AXIN2þ (Zhao et al., 2015;
Maruyama et al., 2016), which marks cells that receive HH or WNT signaling, respectively (Bai et al., 2002; Leung et al.,
2002; Jho et al., 2002).

Other signaling pathways, including those mediated by transforming growth factor (TGF) superfamily members,
Notch, and fibroblast growth factors (FGFs), are also important in intramembranous ossification. Mutations in the FGF
receptors FGFR1, FGFR2, and FGFR3 cause craniosynostosis. The craniosynostosis syndromes involving FGFR1,
FGFR2, and FGFR3 mutations include Apert syndrome (OMIM 101200), BeareeStevenson cutis gyrata (OMIM 123790),
Crouzon syndrome (OMIM 123500), Pfeiffer syndrome (OMIM 101600), JacksoneWeiss syndrome (OMIM 123150),
Muenke syndrome (OMIM 602849), crouzonodermoskeletal syndrome (OMIM 134934), and osteoglophonic dysplasia
(OMIM 166250), a disease characterized by craniosynostosis, prominent supraorbital ridge, and depressed nasal bridge, as
well as rhizomelic dwarfism and nonossifying bone lesions. All these mutations are autosomal dominant and many of them
are activating mutations of FGF receptors. FGF signaling can promote or inhibit osteoblast proliferation and differentiation
depending on the cell context. It does so either directly or through interactions with the WNT and bone morphogenetic
protein (BMP) signaling pathways.

Apart from RUNX2 and OSX, other transcription factors are also important, as mutations in them cause human diseases
with defects in intramembranous ossification. Mutations in the human TWIST1 gene cause SaethreeChotzen syndrome
(OMIM 101400), one of the most commonly inherited craniosynostosis conditions. In addition, mutations in the homeobox
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genes MSX1,MSX2, and DLX are also associated with human craniofacial disorders (Cohen, 2000; Kraus and Lufkin, 2006).
MSX2 haploinsufficiency decreases proliferation and accelerates the differentiation of calvarial preosteoblasts, resulting
in delayed suture closure, whereas its “overexpression” results in enhanced proliferation, favoring early suture closure
(Dodig and Raos, 1999). It is likely that MSX2 normally prevents differentiation and stimulates proliferation of
preosteoblastic cells at the osteogenic fronts of the calvariae, facilitating expansion of the skull and closure of the suture. It
would be critical to understand further how these transcription factors interact with one another and the signaling pathways
to regulate intramembranous bone formation, maintenance, and repair.

The axial skeleton

The axial skeleton consists of the occipital skull bones, the elements of the vertebral column, and the rib cage (ribs and
sternum). With the exception of the sternum, the axial skeleton is derived from the paraxial mesoderm, which is segmented
into somites during early embryonic development. The occipital skull bones are generated from the fused sclerotomes of
the cranial-most 4.5 somites (Goodrich, 1930). The bilateral anlagen of the sternum originate from the lateral plate
mesoderm and fuse at the ventral midline in the course of the formation of the rib cage (Chen, 1952).

Somitogenesis

The basic body plan of vertebrates is defined by the metameric segmentation of the musculoskeletal and neuromuscular
systems, which originates during embryogenesis from the segmentation of the paraxial mesoderm (for reviews see
Winslow et al., 2007; Pourquie, 2000). The paraxial mesoderm is laid down during gastrulation, appearing as bilateral
strips of unsegmented tissue (referred to as segmental plate in the avian embryo and presomitic mesoderm in the mouse). It
flanks the centrally located neural tube and notochord and gives rise to the axial skeleton (head and trunk skeleton) and all
trunk and limb skeletal muscles, as well as the dermis, connective tissue, and vasculature of the trunk. During development,
the paraxial mesoderm is segmented through a series of molecular and cellular events in an anterior to posterior
(craniocaudal) sequence along the body axis, the anterior-most somites being the more mature ones. The posterior,
unsegmented part of the paraxial mesoderm is also referred to as the presomitic mesoderm (PSM), and the sequentially
arising, paired tissue blocks are called somites. The PSM is a loose mesenchymal tissue. The cells reaching the anterior
border of the PSM progressively undergo a mesenchymal-to-epithelial transition (Christ et al., 2007). Newly formed
somites are epithelial balls with a mesenchymal core. As the somites mature, accompanied by the commitment of the cells
to the different lineages, this organization changes. In response to signals from the notochord and the ventral floor plate of
the neural tube (Sonic Hedgehog [SHH] and the BMP antagonist Noggin), cells on the ventral margin undergo an
epithelialemesenchymal transition, scatter, and move toward the notochord (Christ et al., 2004; Cairns et al., 2008; Yusuf
and Brand-Saberi, 2006). These cells will express the transcription factors PAX1, NKX3.1, and NKX3.2 and form the
sclerotome, giving rise to the vertebrae and ribs. The dermomyotome is specified by WNT ligands secreted from the dorsal
neural tube and the ectoderm covering the dorsal somite. Low levels of SHH signaling are, in combination with WNT
signaling, required to maintain the expression of dermomyotomal and myotomal markers (Cairns et al., 2008). The
dermomyotome remains epithelial and eventually gives rise to the epaxial muscles of the back and vertebrae, the hypaxial
muscles of the body wall and limb, the dermis underneath the skin of the trunk, and the brown adipose tissue (Scaal and
Christ, 2004; Atit et al., 2006). Tendons and ligaments of the trunk arise from the fourth somitic compartment, the
syndetome, which is induced by the newly formed sclerotome and dermomyotome (Brent et al., 2003; Dubrulle and
Pourquie, 2003).

The molecular mechanism driving somitogenesis at the anterior end of the PSM is intrinsic to the PSM, while new cells
are continuously added to the PSM from a posteriorly located progenitor pool (Martin, 2016). The so-called segmentation
clock, a molecular oscillator coordinating the rhythmic activation of several signaling pathways and the oscillatory
expression of a subset of genes in the PSM, is thought to be at the molecular heart of somite formation (Hubaud and
Pourquie, 2014). One of the main signaling pathways with oscillatory gene expression is the Notch/Delta/DELTA
pathway. This pathway also synchronizes the oscillations between the individual cells (Hubaud and Pourquie, 2014). Also,
members of the WNT/b-catenin and the FGF signaling pathway display cyclic gene expression (Aulehla and Pourquie,
2008). The oscillatory expression of these genes appears to go like a wave from the caudal end, sweeping anteriorly
through the PSM (Fig. 1.3A). Another molecular system involved in somite formation is the wave front, which is defined
by opposing signaling gradients in the PSM (Fig. 1.3B). Here, a posterioreanterior gradient of FGF8 and nuclear b-catenin
is opposed by an anterioreposterior gradient of retinoic acid (RA) activity (Mallo, 2016). Despite the fact that the existence
of an RA gradient is debated, there is clear genetic evidence that a gradient of WNT signaling activity interacts with the
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segmentation clock to determine the posterior border of a newly forming somite (Mallo, 2016). The morphological changes
that eventually lead to the formation of a new somite at the anterior end of the PSM are triggered by Notch activity in
combination with the T-box transcription factor, TBX6, and start with the expression of the basic helixeloopehelix
transcription factor mesoderm posterior 2 (MESP2) (Saga, 2007; Sasaki et al., 2011). In cells posterior to the determination
front, Mesp2 is repressed by FGF signaling (Sasaki et al., 2011). In addition, Mesp2 expression becomes restricted to the
anterior half of the newly formed somite, as TBX6-mediated transcription of Mesp2 is suppressed by the RIPPLY1/2
proteins expressed in the posterior part of the somite (Morimoto et al., 2007; Takahashi et al., 2007). MESP2 activity is
essential for establishing somite polarity, which is in turn vital for the later formation of the vertebral bodies from the
caudal/posterior part of one somite and the rostral/anterior part of the neighboring somite (Christ et al., 2007).

The positional identity of a somite defines the type of vertebral element (occipital, cervical, thoracic, lumbar, or sacral)
it will eventually contribute to, and this is controlled, in part, by the regional code of Hox genes along the rostralecaudal
body axis (for review see Wellik, 2007). Humans and all other bilateral animals have multiple Hox genes, encoding
transcription factors with a homeobox DNA-binding domain, which are clustered together (Krumlauf, 1992). Through
duplication events, the ancestral cluster of originally eight Hox genes has been multiplied to four gene clusters (HoxA,
HoxB, HoxC, and HoxD) of 13 paralogous Hox genes in vertebrates. A particular feature of Hox gene expression from one
cluster is that they are expressed in a temporal and spatial order that reflects their order on the chromosome, with the most
30 Hox gene being expressed first and in the most anterior region. It is thought that the Hox genes provide a sort of
positional code through their overlapping expression domains, which are characterized by a relatively sharp anterior border.
For example, the expression of the Hox5 paralogs (HoxA5, HoxB5, and HoxC5) correlates in different species such as
mouse and chicken, always with the position of the last cervical vertebra, while the anterior domains of the Hox6 paralogs
lie close to the boundary between cervical and thoracic vertebrae (Burke et al., 1995; Burke, 2000). Yet, this correlation is
not maintained at the levels of the somites, as mouse and chicken differ in their numbers of cervical elements. Changes in
the HOX code can lead to homeotic transformation, which reflects a shift in the regional borders and axial identities.

FIGURE 1.3 Somite formation and differentiation. (A) Cyclic gene expression during somite formation. The asterisk marks the position of new
boundary formation. NT, neural tube; S0, somite stage 0; SI, somite stage I; SII, somite stage II; SIII, somite stage III. (B) Signal gradient within the
presomitic mesoderm (PSM), with the dashed line marking the position of the wave front (WF). (CeE) Schematic representations of the different somite
stages. (C) Loose mesenchymal PSM, (D) epithelial ball stage (the ventral darker colored region marks the PAX1-positive sclerotomal region) and factors
involved in the somite compartmentalization, (E) sclerotome differentiation. (F) Superior view of a vertebral element derived from the posterior and
anterior sclerotomal compartments of two adjacent somites.
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Members of the polycomb family (Bmi and Eed) and the TALE class of homeodomain transcription factors are involved
in further refining the positional identity provided by the Hox code. BMI and EED are transcriptional repressors limiting
the rostral (anterior) transcription boundary of individual Hox genes (Kim et al., 2006). The TALE proteins, encoded by
the Pbx and Meis genes, further modify the transcriptional activity of the Hox proteins through heterodimerization
(Moens and Selleri, 2006).

Sclerotome differentiation

The earliest sclerotomal markers are the transcription factors Pax1, Nkx3.1, and Nkx3.2/Bapx1, which become expressed
under the influence of SHH and Noggin signaling in the ventral somite region (Kos et al., 1998; Ebensperger et al., 1995;
Murtaugh et al., 2001). Pax9 expression appears slightly later in the sclerotome and overlaps in part with Pax1 (Muller
et al., 1996). Both genes act redundantly in the ventromedial region of the sclerotome, as in the Pax1/Pax9 double-mutant
mice the development of the ventral vertebra is strongly affected (Peters et al., 1999). NKX3.2 appears to act downstream
of Pax1/Pax9 and can be ectopically induced by PAX1 (Tribioli and Lufkin, 1999; Rodrigo et al., 2003). Although the
initial Pax1 expression is not affected by the loss of Nkx3.2, the vertebral differentiation also depends on the function of
NKX3.2 (Tribioli and Lufkin, 1999). Nkx3.1 mutant mice, on the other hand, do not display any skeletal defects (Schneider
et al., 2000). As PAX1 is able to activate the expression of early chondroblast markers in vitro, it has been suggested that
the activation of PAX1 is the key event that triggers sclerotome formation (Monsoro-Burq, 2005).

After their induction, the sclerotomal cells undergo epithelialemesenchymal transition and migrate toward the
notochord, around the neural tube, and in the thoracic segments also laterally, and then condense to form the vertebral
bodies and the intervertebral discs, neural arches, and proximal part of the ribs, respectively (Fig. 1.3CeF). Some
notochordal cells surrounded by sclerotomal cells die, while others become part of the intervertebral disc and form the
nucleus pulposus (McCann and Seguin, 2016). The neural arches and spinous processes are derived from the mediolateral
regions of the sclerotomes and from sclerotomal cells that migrated dorsally. The activity of PAX1/PAX9 is not required
for these two compartments (Peters et al., 1999). The dorsally migrating sclerotomal cells contributing to the dorsal part of
the neural arches and spinous processes do not express Pax1 but another set of transcription factors, Msx1 and Msx2
(reviewed in Monsoro-Burq, 2005; Rawls and Fischer, 2010). Other transcription factors, such as the winged-helix factor,
MFH1 (FOXC2), are possibly required for the clonal expansion of cells taking place within the individual sclerotome-derived
populations, as they migrate ventrally, laterally, and medially and then condense (Winnier et al., 1997). In addition, the
homeodomain transcription factors Meox1 and Meox2 have been implicated in vertebral development and may even act
upstream of PAX1/PAX9 (Mankoo et al., 2003; Skuntz et al., 2009). Within the individual sclerotomal condensations the
chondrogenic and osteogenic programs are then initiated to eventually form the vertebral elements.

The limb skeleton

Overview of limb development

The mesenchymal cells contributing to the skeleton of the appendages (limbs) originate from the bilaterally located lateral
plate mesoderm. The lateral plate mesoderm is separated from the somitic mesoderm by the intermediate mesoderm, which
gives rise to the kidney and genital ducts. Our knowledge about limb development during embryogenesis is primarily
based on two experimental model systems, chick and mouse. In all tetrapods, forelimb development precedes hindlimb
development. The axial position of the prospective limb field is in register with the expression of a specific set of Hox
genes within the somites (Burke et al., 1995). The limb fields are demarcated by the expression of two T-box transcription
factors, Tbx5 in the forelimb and Tbx4 in the hindlimb field (Petit et al., 2017; Duboc and Logan, 2011). Yet, the identity of
the limb is conveyed by the activity of another transcription factor, PITX1, which is expressed specifically in the hindlimb
region and specifies hindlimb identity (Logan and Tabin, 1999; Minguillon et al., 2005). In mouse, the forelimb bud starts
to develop around embryonic day (E) 9 and the hindlimb around E10. In chick, forelimb development starts on day 2½
(Hamburger Hamilton stage 16) with a thickened bulge (Hamburger and Hamilton, 1992). In humans, the forelimb is
visible at day 24 of gestation. Experimental evidence from the chick suggests that WNT signaling induces FGF10
expression and the FGF-dependent initiation of the limb outgrowth (Kawakami et al., 2001). For continuous limb
outgrowth the expression of Fgfs in the mesenchyme and in an epithelial ridge called the apical ectodermal ridge (AER) is
essential (Benazet and Zeller, 2009; Martin, 2001) (Fig. 1.4A). Patterning of the outgrowing limb occurs along all three
axes, the proximaledistal, the anterioreposterior, and the dorsaleventral (Niswander, 2003). For example, in the human
arm, the proximaledistal axis runs from the shoulder to the fingertips and can be subdivided into the stylopod (humerus),
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zeugopod (radius and ulna), and autopod regions (wrist and digits of the hand) (Fig. 1.5A). The anterioreposterior axis
runs from the thumb to the little finger and the dorsaleventral axis extends from the back of the arm/hand to the underside
of the arm/palm. These three axes are established very early in development, and specific signaling centers, which will be
briefly discussed in the following, coordinate the outgrowth and patterning of the limb.

Proximaledistal axis

As already mentioned, during the initiation stage, a positive FGF feedback loop is established between the Fgfs expressed
in the mesenchyme (Fgf10) and the Fgfs in the AER (Fgf8, Fgf4, Fgf9, Fgf17). Mesenchymal FGF10 activity is essential
for the formation of the AER (Sekine et al., 1999). In the positive feedback loop, FGF10 induces Fgf8 expression in the
AER, which is probably mediated by a Wnt gene’s expression (Wnt3a in chick and Wnt3 in mouse) (Kawakami et al.,
2001; Kengaku et al., 1998; Barrow et al., 2003). The AER plays a critical role in the limb outgrowth. Removal of the
AER at different time points of development leads to successive truncation of the limb (Saunders, 1948; Summerbell,
1974; Rowe and Fallon, 1982). The Fgf genes expressed in the AER confer proliferative and antiapoptotic activity on
the distal mesenchyme and maintain the cells in an undifferentiated state (Niswander et al., 1994; Niswander et al., 1993;
Fallon et al., 1994; Ten Berge et al., 2008). This is further supported by genetic studies showing that FGF4 and
FGF8 are both required for the maintenance of the AER (Boulet et al., 2004; Sun et al., 2002). The most proximal part

FIGURE 1.4 Limb development overview. (A) Early events in limb bud development: factors involved in the establishment of the limb identity and
signals required for the initiation of limb outgrowth. Hox genes in the lateral plate mesoderm define the positions where the limbs will develop and activate
or repress via specific enhancers the expression of Pitx1 and the Tbx4/5 genes. Together with the activity of limb fieldespecific WNTs an FGF10/WNT3a/
FGF8 loop is established, which drives proximaledistal limb outgrowth. AER, apical ectodermal ridge. (B) Early nested expression of the HOXD cluster
in the limb. A, anterior; P, posterior. (C) Late expression of the HoxA and HoxD genes in the autopod stage and expression of the proximal determinant
Meis1. (D) Factors involved in anterioreposterior patterning of the limb, with Shh expressed in the zone of polarizing activity (ZPA) under the positive
control of the transcription factors HAND2 and the 50HOX proteins, while its activity in the anterior is opposed by the repressor GLI3. (E) Molecules
involved in the interregulation of the anterioreposterior and proximaledistal axes. (F). Molecules involved in the specification of the dorsaleventral axis:
Wnt7a expressed in the dorsal ectoderm activates Lmx1 expression in the dorsal mesenchyme specifying dorsal fate, while EN1 in the ventral ectoderm
and phospho-SMAD1 in the ventral mesenchyme specify ventral fate. WNT7a also positively enforces the expression of Shh. (A) Adapted from Fig. 1.2,
Petit, F., Sears, K.E., Ahituv, N., 2017. Limb development: a paradigm of gene regulation. Nat. Rev. Genet. 18, 245e258.
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of the limb expresses the TALE homeobox transcription factor MEIS1 under the control of opposing RA and FGF
signaling (Mercader et al., 2000). MEIS1 alone is sufficient to proximalize the limb in the chick and mouse systems
(Mercader et al., 1999, 2009). Along the proximaledistal axis, the 50Hox genes, which are expressed early in a nested
pattern (see Fig. 1.4B), are thought to provide positional cues for growth. As such, members of the group 11 paralogs
(HOXA11 and D11 in the forelimb and HOXA11, C11, and D11 in the hindlimb) are required for the growth of the
zeugopod, while the autopod establishment depends on the function of group 13 paralogs (Zakany and Duboule, 2007).
Hox genes are also involved in connective tissue patterning in the limb (Pineault and Wellik, 2014). In addition to their role
with regard to the proximaledistal axis, Hox genes also play an important role in establishing the signaling center within
the limb bud regulating the anterioreposterior axis.

FIGURE 1.5 Patterning of the appendicular skeleton. (A) Schematic overview of the skeletal elements in a human arm. (B) In situ hybridizations on
adjacent sections of a mouse forelimb (embryonic stages E11.5, E12.5, and E13.5), showing the branched structure of an early cartilaginous template
(Col2a1 expressing) consisting of the humerus (h), radius (r), and ulna (u). Note that at E11.5 markers of the joint interzone (Gdf5 andWnt4) are expressed
in cells that also express the chondrogenic marker Col2a1. At E12.5, during interzone formation, Col2a1 becomes downregulated in the shoulder (sh) and
elbow (e) region, while the expression patterns of Gdf5 and Wnt4 undergo refinement. At E13.5, Col2a1 is no longer expressed in the joint areas and the
expression domains of Gdf5 and Wnt4 become distinct. (C) Schematic representation of the major steps during synovial joint formation.
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Anterioreposterior axis

Classical embryologic transplantation experiments uncovered the existence of a region present in the posterior limb bud
conveying patterning information along the anterioreposterior axis (Saunder and Gasseling, 1968). Transplantation studies
also revealed that this region, which was referred to as the zone of polarizing activity (ZPA), must contain some kind of
positional information in the form of a secreted morphogen that specifies digit identity along the anterioreposterior axis
(Tickle, 1981; Tickle et al., 1975; Wolpert, 1969). The molecular identity of this morphogen was uncovered only in 1993
with the cloning of a vertebrate homolog of the Drosophila hh gene, called Shh. Shh expression overlaps with the ZPA, and
Shh-producing cells transplanted into the anterior mesoderm of the limb bud could reproduce mirror-image duplications of
ZPA grafts (Riddle et al., 1993). Genetic experiments confirmed that Shh is required to establish posterior structures of the
limb (Chiang et al., 1996). The Shh expression domain is established by the activity of positive and negative regulators.
The transcription factor HAND2 (dHAND) is expressed in a posterior domain preceding and encompassing the Shh
domain and acts as a positive regulator of SHH, which feeds back positively on the expression of HAND2 (Charite et al.,
2000; Fernandez-Teran et al., 2000). Early in limb development, Hand2 is expressed complementary to the transcription
factor Gli3 and GLI3 represses Hand2 in the anterior (Wang et al., 2000). HAND2, on the other hand, represses Gli3 in the
posterior (Te Welscher et al., 2002). SHH signaling in the posterior prevents the cleavage of the full-length activator GLI3
into the GLI3 repressor (GLI3R) form. Hence, the GLI3R form is restricted to the anterior of the limb bud. The 50Hox
genes and SHH signaling are also connected by a positive feed-forward regulatory loop (Tarchini et al., 2006; Ros et al.,
2003), which may also involve FGF signaling (Rodrigues et al., 2017) (Fig. 1.4D). There is also an interconnection be-
tween the anterioreposterior and the proximaledistal axis: SHH signaling upregulates the BMP antagonist Gremlin in the
posterior half of the limb. Gremlin antagonism of BMP signaling is required to maintain the expression of Fgf4, Fgf9, and
Fgf17 in the AER, and FGF signaling feeds positively onto Shh (Khokha et al., 2003; Laufer et al., 1994) (Fig. 1.4E).

Dorsaleventral axis

The third axis that needs to be established is the dorsaleventral axis. Here, the WNT ligand WNT7a is expressed in the
dorsal ectoderm and regulates the expression of the LIM homeobox transcription factor LMX1 (LMX1B in the mouse) in
the dorsal mesenchyme (Riddle et al., 1995; Vogel et al., 1995). LMX1B is required to maintain the dorsal identity of
structures such as tendons and muscles in the limb (Chen et al., 1998). The ventral counterplayer is the transcription factor
Engrailed 1 (EN1), which is expressed in the ventral ectoderm and the ventral half of the AER, and is essential for the
formation of ventral structures (Davis et al., 1991; Gardner and Barald, 1992; Cygan et al., 1997; Loomis et al., 1996).
BMP signaling appears also to be required for establishment of the dorsaleventral axis, as the activated downstream
component, phospho-SMAD1, is detected throughout the ventral ectoderm and mesenchyme (Ahn et al., 2001) (Fig. 1.4F).
Deletion of a BMP receptor gene, Bmpr1a, from the limb bud ectoderm results in an expansion of Wnt7a and Lmx1b into
ventral territories, an almost complete loss of En1, and severe malformation of the limbs missing the ventral flexor tendons
(Ahn et al., 2001).

Mesenchymal condensation and patterning of the skeleton

Patterning of the somitic tissue and the limbs along the different axes is a prerequisite for the mesenchymal condensations to
take place. In the craniofacial skeleton, epithelialemesenchymal interactions occur during the precondensation phase (Hall
and Miyake, 1995). Mesenchymal condensations are pivotal for intramembranous and endochondral bone formation. They
define the positions and the basic shapes of the future skeletal elements. They can be visualized in the sclerotome, developing
skull, and limbs in vivo and in micromass cell cultures in vitro by the presence of cell surface molecules that bind peanut
agglutinin (Stringa and Tuan, 1996; Milaire, 1991; Hall and Miyake, 1992). During the prechondrogenic and preosteogenic
condensation phase ECM molecules, such as the glycoproteins Fibronectin, Versican, and Tenascin; cellecell adhesion
molecules, such as N-CAM and N-cadherin; the gap-junction molecule Connexin43 (CX43); and Syndecans (type I
transmembrane heparan sulfate proteoglycan) become upregulated, but their expression often changes dynamically during
the subsequent differentiation process (for review see Hall and Miyake, 2000; DeLise et al., 2000). Cell adhesion and
ECM proteins promote the formation of the condensations by establishing cellecell contacts and cellematrix interactions.
Yet, through genetic studies, their functional requirement for the condensation process has not been demonstrated so far.
For the cellematrix interactions, integrins also play an important role as they act as receptors for Fibronectin (a5b1; aVb3),
types II and VI collagen (a1b1, a2b1, a10b1), Laminin (a6b1), Tenascin (a9b1, aVb3, a8b1, aVb6), and Osteopontin
(OPN) (aVb1; aVb3; aVb5; a8ßb1) (Loeser, 2000, 2002; Tucker and Chiquet-Ehrismann, 2015; Docheva et al., 2014).
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Various growth factors, such as members of the TGFb superfamily, regulate the condensation process (reviewed in
Moses and Serra, 1996). This has also been elegantly demonstrated in vitro for a subclass of this superfamily of growth
factors, the BMP family (Barna and Niswander, 2007). For the proximal elements (femur, tibia, and fibula) in the
hindlimb, genetics revealed a dual requirement for the zinc finger transcription factors GLI3 and PLZF to establish the
correct temporal and spatial distribution of chondrocyte progenitors (Barna et al., 2005).

Mesenchymal cells within the condensations can differentiate into either osteoblasts (intramembranous ossification) or
chondrocytes (endochondral ossification). WNT/b-catenin signaling is essential for the differentiation of osteoblasts, as no
osteoblasts develop in conditional mouse mutants in which the b-catenin-encoding gene Ctnnb1 was deleted in mesen-
chymal precursor cells of the limb and/or skull (Hu et al., 2005; Hill et al., 2005; Day et al., 2005). Instead, the precursor
cells differentiate into chondrocytes (Day et al., 2005; Hill et al., 2005). Hence, b-catenin activity is not essential for
chondrogenesis. WNT/b-catenin signaling is most likely acting as a permissive pathway at this early step of differentiation,
as too high levels of WNT/b-catenin signaling block osteoblast as well as chondrocyte differentiation (Hill et al., 2005).
WNT/b-catenin signaling in perichondrial cells is amplified by SOXC protein family members to further secure the
nonchondrogenic fate of these cells (Bhattaram et al., 2014). For osteoblast differentiation to occur, the transcription factor
RUNX2 needs to be upregulated within the preosteogenic condensations, while the HMG-box transcription factor SOX9 is
required for the further differentiation of cells within the condensations along the chondrocyte lineage and probably
also for the condensation process itself (Bi et al., 1999; Akiyama et al., 2002; Karsenty, 2001; Lian and Stein, 2003).
The latter aspect has been challenged by the results of in vitro experiments by Barna and Niswander (2007) showing that
Sox9-deficient mesenchymal cells compact and initially form condensations, yet the cells within the condensations do not
differentiate into chondroblasts (Barna and Niswander, 2007).

The skeletal elements in the limbs, which are formed by the process of endochondral ossification, develop in part as
continuous, sometimes bifurcated (pre)chondrogenic structures, such as, e.g., the humerus branching into the radius and
ulna in the forelimb (Fig. 1.5B), being subsequently segmented by the process of joint formation (Shubin and Alberch,
1986; Hinchliffe and Johnson, 1980; Oster et al., 1988). Furthermore, studies have shown that the cartilage morphogenesis
of the developing long bones also occurs in a modular way, with two distinct pools of progenitor cells contributing to the
primary structures and the bone eminences (Blitz et al., 2013; Sugimoto et al., 2013). Cells within the bifurcated, SOX9þ

primary structures express the gene Col2a1, characteristic of chondroblasts/chondrocytes. Although they appear during
early limb development (E11.5) to be morphologically uninterrupted, the region where a joint (here the shoulder joint) will
be formed can be visualized using molecular joint markers, such as Gdf5 (growth differentiation factor 5) or Wnt4 (see
Fig. 1.5B). Interestingly, the cartilage matrix protein Matrilin-1 is never expressed in the interzone region, nor in the
adjacent chondrogenic region, which possibly gives rise to the articular cartilage (Hyde et al., 2007). How the position of
joint initiation within the limb is determined is not completely understood as of this writing. A limb molecular clock
operating in the distal region may be involved in this process. It has been proposed that two oscillation cycles of the gene
Hairy 2 (Hes2) are required to make one skeletal element in the zeugopod and stylopod region of the limb (Sheeba et al.,
2016). As the joints develop sequentially along the proximaledistal axis at a certain distance from each other, secreted
factors produced by the joint itself may provide some kind of self-organizing mechanism (Hartmann and Tabin, 2001;
Hiscock et al., 2017). WNT/b-catenin signaling is also required for joint formation (Hartmann and Tabin, 2001; Guo et al.,
2004; Spater et al., 2006a, 2006b). Yet, again, it may act in this process also as a permissive pathway, repressing the
chondrogenic potential of the joint interzone cells. However, as WNT/b-catenin signaling also induces the expression of
Gdf5, it may also play an active role in joint induction by inducing cellular and molecular changes required for joint
formation. The AP1-transcription factor family member c-JUN acts upstream of WNT signaling in joint development
regulating the expression of Wnt9a and Wnt16, which are both expressed in the early joint interzone (Kan and Tabin,
2013). Numerous other genes, including Noggin, Hif1a, Gdf5, Gdf6, Gli3, Ihh, PTH/PTHrPR1, Tgfb, Mcp5, and Crux1,
have been implicated in a variety of cellular processes during joint formation based on genetic or misexpression
experiments (Brunet et al., 1998; Amano et al., 2016; Spagnoli et al., 2007; Longobardi et al., 2012), for review see
(Archer et al., 2003; Pacifici et al., 2006).

Endochondral bone formation

Overview

The axial and appendicular skeletal elements are formed by the process of endochondral bone formation starting with a
cartilaginous template (Fig. 1.6AeE). This process starts with the condensation of mesenchymal cells at the site of the
future skeleton. As mentioned already, this involves alterations in cellecell adhesion properties and changes in the ECM
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(DeLise and Tuan, 2002a; Delise and Tuan, 2002b; Hall and Miyake, 1995; Bhat et al., 2011). Mesenchymal cells within
the condensations start to express chondro-osteogenic markers, such as the transcription factors Sox9 and Runx2 (Hill et al.,
2005; Akiyama et al., 2005; Wright et al., 1995). Next, the prechondrogenic precursor population of chondroblasts
differentiates into chondrocytes, which produce an ECM rich in the proteoglycan aggrecan and fibrillar collagen of type II.

FIGURE 1.6 Schematic representation of the formation and growth of long bones by endochondral ossification. (A) Mesenchymal condensation with
surrounding loose mesenchymal cells. (B) Cartilaginous template prefiguring the future skeletal element. (C) Chondrocyte differentiation within the
cartilaginous template and differentiation of osteoblasts within a region of the perichondrium, which is then referred to as the periosteum. (D) Blood vessel
invasion and onset of bone marrow cavity formation. (E) Onset of the formation of the secondary ossification center with differentiation of hypertrophic
chondrocytes in the central region of the epiphysis and blood vessel invasion from the perichondrium through the cartilage canals. (F) Schematic
representation on the left and corresponding Alcian blue/eosinestained image of the proximal end of a postnatal day 15 (P15) mouse tibia on the right.
(G) Schematic representation of the different features of a mouse growth plate based on the von Kossa/Alcian blueestained proximal end of a mouse
humerus at embryonic day 18.5 (E18.5). COF, chondro-osseous front.
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Cartilaginous template formation prefigures the future skeletal element and is surrounded by the so-called perichondrium,
a layer of mesenchymal cells. As cartilage is avascular, limb vasculature regression needs to occur where cartilaginous
structures form (Hallmann et al., 1987). Yet, interestingly, the chondrogenic condensation does express vascular
endothelial growth factor (VEGF) (Eshkar-Oren et al., 2009). The outgrowth of vertebrate limbs occurs progressively
along the proximaledistal axis (Newman et al., 2018; Zeller et al., 2009). Concomitantly, the skeletal elements develop in
a proximodistal sequence, with the anlagen of the proximal elements (humerus in the forelimb and femur in the hindlimb)
forming first, branching into more distal elements, and then being segmented into individual elements as the limb grows
(Hinchliffe, 1994). The cartilaginous template increases in size by appositional and interstitial growth (Johnson, 1986).
Interstitial growth by dividing chondrocytes allows the cartilage to grow rapidly along the longitudinal axis. The width of
the cartilage element is controlled by appositional growth, whereby the perichondrium surrounding the cartilage template
serves as the primary source of chondroblasts. Early on, all chondrocytes are still proliferating. As development progresses,
the chondrocytes distant to the articulations in the central diaphysis will start to undergo a differentiation program. First,
they flatten and rearrange into proliferative stacks of chondrocytes forming the zone of columnar proliferating
chondrocytes. The elongation of these columns occurs internally through oriented cell division followed by intercalation
movements of the daughters (Ahrens et al., 2009; Li and Dudley, 2009). A 2014 study showed that the daughter cells
maintain intimate contact after cell division, preserving cadherin-mediated cellecell interaction until the end of the
rotational movement (Romereim et al., 2014). Interfering with cadherin-mediated cellecell adhesion stalls the rotation
process in vitro (Romereim et al., 2014). A similar rotation defect was observed in mice lacking integrin b1 (Aszodi et al.,
2003). Chondrocytes at the lower end of the columns will then exit the cell cycle and become prehypertrophic; a stage that
is not morphologically distinct but can be visualized using molecular markers such as the expression of the genes Ihh and
parathyroid hormone/parathyroid hormone-like peptide receptor 1 (Pthr1). Next, the prehypertrophic chondrocytes
increase dramatically in volume and become hypertrophic (Cooper et al., 2013; Hunziker et al., 1987). The almost 10-fold
increase in volume occurs in parts by true cellular hypertrophy and swelling and significantly contributes to the longi-
tudinal expansion of the skeletal elements as the cells are laterally restricted by matrix channels (Cooper et al., 2013).
Hypertrophic chondrocytes (HCCs) are distinct in their ECM producing type X instead of type II collagen. Furthermore,
they produce VEGF, which in this context attracts blood vessels to the diaphysis region (Gerber et al., 1999). The ECM of
mature HCCs mineralizes and the cells produce matrix metalloproteinase 13 (MMP13) as well as OPN/SSP1. MMP13
(collagenase 3) breaks up the matrix of HCCs for the subsequent removal by osteoclasts (Inada et al., 2004; Stickens et al.,
2004), while SSP1 has multiple functions; it regulates mineralization, serves as a chemoattractant for osteoclasts, and is
functionally required for their activity (Franzen et al., 2008; Rittling et al., 1998; Boskey et al., 2002; Chellaiah et al.,
2003). The final fate of HCCs has long been believed to be apoptotic cell death (Shapiro et al., 2005). Yet, ex vivo and
in vitro experiments already hinted at an alternative fate, with HCCs transdifferentiating into osteoblasts (Shapiro et al.,
2005). Lineage tracing experiments have confirmed this alternative fate, proposing a model of dual osteoblast origin (Zhou
et al., 2014; Yang et al., 2014a, 2014b; Park et al., 2015). At least during embryonic development, about 20% of oste-
oblasts are chondrocyte derived and about 80% are derived from the perichondrium/periosteum. The latter population
migrates into the bone marrow cavity along the invading blood vessels (Maes et al., 2010). This invasion originates from
the periosteal collar, the area of the perichondrium in which osteoblasts differentiate and the bone collar is being formed
(Colnot et al., 2004). In addition, monocytic osteoclast precursors as well as macrophages, both of which are of
hematopoietic origin, enter the remodeling zone via the vascular system, which is attracted by VEGF (Henriksen et al.,
2003; Engsig et al., 2000). Blood vessels have additional roles during trabecular bone formation in the primary spongiosa,
which will be further discussed in the following. Endothelial cells, chondroclasts, and osteoclasts act together to erode the
bone marrow cavity by removing HCC remnants. Interestingly, a bone marrow cavity can form in mouse mutants lacking
osteoclasts or even macrophages and osteoclasts (Ortega et al., 2010). In these mutants, MMP9-positive cells are still
present at the chondro-osseous junction and may be in part responsible for bone marrow cavity formation (Ortega et al.,
2010). With the formation of the marrow cavity in the diaphysis, the two growth plates become separated from each other.
The growth plates serve as a continual source of cartilage being converted into bone at the chondro-osseous front during
the late stages of development and postnatally. In most species, a second ossification center appears during postnatal
development within the epiphyseal cartilage. The onset differs between species for the individual bones and even within
one bone for the two epiphyses (Adair and Scammin, 1921; Shapiro, 2001; Zoetis et al., 2003). Here, cartilage canals
containing mesenchymal cells and blood vessels enter from the surrounding perichondrium, reaching eventually the
hypertrophic center of the epiphysis (Blumer et al., 2008; Alvarez et al., 2005). After the formation of the secondary
ossification center, the epiphyseal articular cartilage becomes distinct and the metaphyseal growth plate is sandwiched
between the epiphyseal secondary ossification center and the primary ossification center in the diaphysis (Fig. 1.6F).
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The growth plate

The cellular organization within the growth plate (schematically depicted in Fig. 1.6F) of a juvenile bone resembles the
different zones in embryonic skeletal elements (Fig. 1.6G). There is a zone of small round chondrocytes, some of which are
mitotically inert, that is often referred to as the resting zone. Stemlike or progenitor cells are thought to reside in this zone
and require the activity of b-catenin for their maintenance (Candela et al., 2014). Concomitant with the growth plate
closure that occurs in most vertebrates, with the exception of rodents, these progenitor cells eventually become senescent at
the end of puberty and lose their proliferative potential, putting an end to long bone growth (Nilsson and Baron, 2004). The
zone next to the resting zone contains flattened, stacked chondrocytes, which are mitotically active and form fairly regular
columns. Eventually, the chondrocytes at the lower end of the zone will begin to enlarge, becoming first prehypertrophic
and then HCCs (Ballock and O’Keefe, 2003). As already mentioned, some of the HCCs will undergo apoptosis
(programmed cell death), while others survive and eventually differentiate into osteoblasts or other cells of the bone
marrow cavity (Farnum and Wilsman, 1987; Shapiro et al., 2005; Tsang et al., 2015). The exact cellular and molecular
mechanism of the transdifferentiation process of the surviving HCCs is not understood as of this writing. Earlier
experiments suggested that this involves asymmetric cell division (Roach et al., 1995). According to the lineage tracing
experiments, the transdifferentiating cells express at one point the gene Col10a1, encoding the a chain of type X collagen,
but were they truly hypertrophic cells? If so, how was their cellular volume adjusted? Or alternatively, is there a pool of
“stem cells” residing within the hypertrophic zone? So far, expression of stem cell markers has not been reported in HCCs
of a normal growth plate. Yet, cells originating from the hypertrophic zone expressing the lineage tracer also express stem
cell markers such as Sca1 and Sox2 in vitro (Park et al., 2015). Furthermore, a 2017 publication reported that during
fracture healing HCCs express the stem cell markers Sox2, Nanog, and Oct4 and that this is triggered by the invading
vasculature (Hu et al., 2017). Other experiments such as one in rabbits, in which transdifferentiation was observed after
physically preventing vascular invasion at the lower hypertrophic zone, suggest that the vasculature is not required for the
transdifferentiation process to occur (Enishi et al., 2014). So far there are only a few molecules known to be required for
the chondrocyte-derived differentiation of osteoblasts. One of them is b-catenin (Houben et al., 2016) and the other one
SHP2, a protein tyrosine phosphatase (Wang et al., 2017). Mice lacking SHP2 activity in HCCs display a slight reduction
in chondrocyte-to-osteoblast differentiation, and the mechanism behind this blockade is the persistence and/or upregulation
of SOX9 protein in HCCs (Wang et al., 2017). Mice lacking b-catenin activity in HCCs display an even more severe
reduction of chondrocytes differentiating into osteoblasts and its absence also affects in part the transdifferentiation of
chondrocytes into other cell types (Houben et al., 2016). The mechanism by which b-catenin affects this trans-
differentiation process is unknown as of this writing. Unlike what has been shown in perichondrial osteoblast precursors
or in the case of SHP2, persistence of SOX9 protein was not observed (Houben et al., 2016). Furthermore, the loss of
b-catenin activity in HCCs affects indirectly the differentiation of perichondrial-derived osteoblast precursors (Houben
et al., 2016). HCCs also produce receptor activator of NF-kB ligand (RANKL) and its decoy receptor Osteoprotegerin,
which positively and negatively, respectively, influence the differentiation of monocytes into osteoclasts at the
chondro-osseous front (Usui et al., 2008; Silvestrini et al., 2005; Kishimoto et al., 2006). The expression of Rankl in
HCCs is negatively controlled by b-catenin, leading to increased osteoclastogenesis and reduced trabecular bone
formation in conditional Ctnnb1 mice (Houben et al., 2016; Golovchenko et al., 2013; Wang et al., 2014a). As
mentioned already, the matrix of the lower rows of HCCs mineralizes. HCCs utilize matrix vesicles to produce large
amounts of microcrystalline, Ca2þ-deficient, acid-phosphate-rich apatite deposits in the collagen-rich matrix (Wuthier
and Lipscomb, 2011). Matrix vesicle release occurs in a polarized fashion from the lateral edges of the growth plate
HCCs, resulting in the mineralization of the longitudinal septae, while transverse septae remain unmineralized
(Anderson et al., 2005a). The matrix vesicles then release the apatite crystals, which self-nucleate and grow to form
spherical mineralized clusters in the calcified zone of the HCCs. Mitochondria may serve as storage containers for Ca2þ,
with the mitochondria in HCCs reaching the highest Ca2þ concentrations and serving as the Ca2þ supply for matrix
vesicles. The mitochondria loaded with Ca2þ can no longer produce sufficient amounts of ATP and the cells undergo a
physiological energy crisis. As a consequence, the mitochondria produce increased amounts of reactive oxygen species
(ROS) (Wuthier and Lipscomb, 2011). Increased ROS levels feed back on the chondrocytes, inducing them to hyper-
trophy (Morita et al., 2007).

Through knockout studies in mouse, numerous genes were identified that are involved in the regulation of the
mineralization process, such as matrix Gla protein and tissue nonspecific alkaline phosphatase (encoded by the Akp2
gene), ectonucleotide pyrophosphatase/phosphodiesterase type 1, progressive ankylosis gene, phosphoethanolamine/
phosphocholine phosphatase, membrane-anchored metalloproteinase ADAM17, and, as already mentioned, OPN (Anderson
et al., 2004, 2005b; Fedde et al., 1999; Hessle et al., 2002; Zaka and Williams, 2006; Harmey et al., 2004; Hall et al., 2013).
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After the removal of HCCs, the mineralized longitudinal septae remain and are used by osteoblasts as a scaffold for the
deposition of osteoid that calcifies into woven bone.

At the periphery, the growth plate is surrounded by a fibrous structure that consists of the wedge-shaped groove of
Ranvier and the perichondrial ring of LaCroix (see Fig. 1.6G) (Brighton, 1978; Langenskiold, 1998). The groove of
Ranvier serves as a reservoir for chondro-osteoprogenitor cells and fibroblasts, while the perichondrial ring of LaCroix may
serve as a reservoir of precartilaginous cells (Fenichel et al., 2006; Shapiro et al., 1977). Interestingly, the two growth
plates within a skeletal element have different activities leading to the differential growth of the distal and proximal parts
(Pritchett, 1991, 1992; Farnum, 1994). Curiously, there seems to exist a temporal and local correlation between the
appearance of the secondary ossification center and the activity of the nearby growth plate. For instance, in the humerus the
secondary ossification center appears first in the proximal epiphysis and here, the proximal growth plate is more active than
the distal one.

Mediators of skeleton formation

Accurate skeletogenesis, as well as postnatal growth and repair of the skeleton, depends on the precise orchestration of
cellular processes such as coordinated proliferation and differentiation in time and space. Several signaling pathways
impinge on the differentiation of the mesenchymal precursors as well as on the subsequent differentiation of chondrocytes
and regulate the growth of the skeletal elements. Growth factor signaling is also partly controlled by the ECM and integrins
(Munger and Sheppard, 2011; Ivaska and Heino, 2011). Cell-type-specific differentiation is under the control of distinct
transcription factors with their activity being modulated by epigenetic factors and microRNAs. In addition to systemic and
local factors, oxygen levels and metabolism also influence endochondral bone formation.

Systemic mediators

Longitudinal bone growth after birth is under the influence of various hormones, such as growth hormone (GH), insulin-
like growth factors (IGFs), thyroid hormones, estrogen and androgens, glucocorticoids, vitamin D, and leptin. The
importance of these hormones in skeletal growth has been demonstrated by genetic studies in animals and by “natural
experiments” in humans (for reviews see Nilsson et al., 2005; Wit and Camacho-Hubner, 2011). Many of these systemic
mediators interact with one another during linear growth of the juvenile skeleton and are differentially controlled by the
nutritional status (Robson et al., 2002; Lui and Baron, 2011; Gat-Yablonski et al., 2008). Yet, only IGF signaling plays a
role in endochondral ossification prior to birth.

Mice deficient for either Igf1 or Igf2 or the Igf1r gene display prenatal as well as postnatal growth defects, suggesting
that IGFs act independent of GH on linear growth (Baker et al., 1993; Liu et al., 1993; Powell-Braxton et al., 1993). IGF1
was thought to affect chondrocyte proliferation, yet, a study on longitudinal bone growth in the Igf1-null mouse revealed
no change in growth plate chondrocyte proliferation or cell numbers, despite the observed 35% reduction in the rate of long
bone growth that was attributed to the 30% reduction in the linear dimension of HCCs (Wang et al., 1999). For more
detailed information on the activities of GH and IGF signaling see reviews by Giustina et al. (2008), Kawai and Rosen
(2012), Svensson et al. (2001), and Lindsey and Mohan (2016).

Local mediators

The various local mediators of endochondral and intramembranous ossification, which will be briefly discussed in the
following, interact at multiple levels. Because of space constraints not all of these interactions can be mentioned.

Growth factor signaling pathways

Transforming growth factor b and bone morphogenetic proteins

The TGFb superfamily is a large family of secreted polypeptides that can be divided into two subfamilies based on the
utilization of the downstream signaling mediators, the regulatory SMADs (R-SMADs). The first one, encompassing
TGFb1eb3, activins, inhibins, nodal, and myostatin (GDF8), transduces the canonical signal through the R-SMADs 2 and
3. The second one consists of the BMPs 2 and 4e10 and most GDFs, transducing the canonical signal through R-SMADs
1, 5, and 8. The cofactor SMAD4 is utilized by both groups, forming a complex with the different activated R-SMADs.
The receptor complexes are heterodimers consisting of serine/threonine kinase types I (ALKs 1e7) and II (TbRII, ActRII,
ActRIIb, BMPRII, and MISRII) receptors. Ligand binding activates the type II receptor, leading to transphosphorylation
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of the type I receptor. In addition to the SMAD-dependent canonical signaling, TGFb/BMPs can signal through numerous
SMAD-independent noncanonical signaling pathways (reviewed in Wang et al., 2014c; Wu et al., 2016).

Many of the TGFb and BMP signaling molecules are involved in endochondral bone formation. In the mouse, all three
Tgfb isoforms are expressed in mesenchymal condensations, perichondrium/periosteum, and appendicular growth plates
(Pelton et al., 1990, 1991; Schmid et al., 1991). Despite the numerous in vitro reports indicating a role for TGFb molecules
promoting mesenchymal condensation and the onset of chondrocyte differentiation, none of the individual Tgfb knockouts
supports such an early role in vivo. It has been proposed that transient activation of TGFb and/or activin signaling primes
mesenchymal cells to become chondroprogenitors (Karamboulas et al., 2010). Of the individual Tgfb knockouts, only the
Tgfb2�/� mutants displayed defects in intramembranous and endochondral bone formation (Sanford et al., 1997), some of
which may be secondary due to defects in tendon formation (Pryce et al., 2009). The conditional ablation of the primary
receptor for all three TGFbs and Alk5, in mesenchymal cells using the Dermo1-Cre line, resulted also in skeletal defects
affecting intramembranous and endochondral bones (Matsunobu et al., 2009). The endochondral bone elements in the
Alk5�/� animals were smaller and malformed, with ectopic cartilaginous protrusions present in the hindlimb. Conditional
deletion of the Tgfbr2 gene, encoding the TbRII receptor, in the limb mesenchyme with the Prx1-Cre line results in the
absence of interphalangeal joints, probably due to a defect in downregulation of the chemokine MCP-5 in the joint
interzone cells (Spagnoli et al., 2007; Longobardi et al., 2012). The appendicular skeletal elements of the Tgfbr2;Prx1-Cre
embryos are also shorter, associated with altered chondrocyte proliferation and an enlarged HCC zone (Seo and Serra,
2007). This phenotype was also observed upon the expression of a dominant-negative form of the TbRII receptor or by
expressing a dominant-negative TbRI (Alk5) construct in chondrocytes (Serra et al., 1997; Keller et al., 2011). Surpris-
ingly, deletion of Tgfbr2 in Col2a1-expressing cells resulted in defects only in the axial skeleton and not in the appen-
dicular skeleton (Baffi et al., 2004). Nevertheless, the long bones of the Tgfbr2;Col2a1-Cre newborn mice were
consistently shorter, but the difference was not significant. Sueyoshi and colleagues reported that deletion of Tgfbr2 in
HCCs results in a minor delay in chondrocyte differentiation around E14.5/15.5. Yet, at birth, no differences regarding the
length of the long bones were observed, suggesting that this is a transient effect (Sueyoshi et al., 2012). Deletion of Tgfbr2
in Osx-Cre-positive pre-HCCs and osteoblast precursors in the perichondrium led to postnatal alteration in the growth plate
and affected osteoblastogenesis (Peters et al., 2017). This is probably associated with a loss of TGFb1 signaling (Tang
et al., 2009). Nevertheless, inactivation of Tgfbr2 may not be sufficient to eliminate all Tgfb signaling, as TGFb ligands
were still capable of eliciting signals in the Tgfbr2�/� mice (Iwata et al., 2012). Furthermore, TGFbs can activate the
canonical BMP/SMAD1/5/8 pathway through engagement of ALK1 (Goumans et al., 2002). TGFb proproteins are
sequestered by the ECM and can then be released and activated through, for instance, the activity of ECM degrading
enzymes (Hildebrand et al., 1994; Pedrozo et al., 1998; Annes et al., 2003). For further information, in particular on the
involvement of noncanonical TGFb pathways in chondrogenesis and skeletogenesis and the implications of TGFb
signaling in osteoarthritis, see reviews by van der Kraan et al. (2009), Wang et al. (2014c), and Wu et al. (2016).

The cofactor SMAD4 is thought to mediate canonical signaling downstream of TGFb and BMP signaling. Yet sur-
prisingly, conditional mutants lacking Smad4 in Col2a1-expressing cells are viable and display only mild phenotypic
changes in the growth plate (Zhang et al., 2005; Whitaker et al., 2017). However, the prechondrogenic condensations do
not form in mice lacking SMAD4 in the limb mesenchyme, supporting an essential role for TGFb/BMP signaling in the
early steps of chondrocyte differentiation, which appears to be independent of SOX9 (Lim et al., 2015; Benazet et al.,
2012). Mice lacking either R-SMAD1/5 in Col2a1-expressing cells or all three R-SMADs (SMAD1, 5, and 8) acting
downstream of BMP signaling are not viable and display a nearly identical severe chondrodysplasia phenotype (Retting
et al., 2009). The axial skeleton is severely compromised, with vertebral bodies replaced by fibroblasts and loose
mesenchymal tissue. This suggests that SMAD8 plays only a minor role in chondrogenesis. Furthermore, these results
challenge the dogma that SMAD4 is required to mediate SMAD-dependent signaling downstream of BMPs and TGFbs.

Based on the analyses of gene knockout animals, the Bmp/Gdf family members Bmp8, Bmp9/Gdf2, Bmp10, and Gdf10
appear to play no role in embryonic skeletogenesis (Zhao et al., 1996, 1999; Chen et al., 2004; Levet et al., 2013). The
short-ear mouse is mutant for Bmp5 and displays defects in skeletal morphogenesis and has weaker bones (Kingsley et al.,
1992; Mikic et al., 1995). Bmp6 mutants have sternal defects (Solloway et al., 1998). Mice mutant for Bmp7 display
skeletal patterning defects restricted to the rib cage, skull, and hindlimbs (Luo et al., 1995; Jena et al., 1997). In addition to
Bmp7, Bmp2 and Bmp4 are expressed in the early limb bud. Conditional deletion of Bmp2 and Bmp4 in the limb
mesenchyme results in an abnormal patterning of the appendicular skeleton with a loss of posterior elements in the
zeugopod and autopod region probably due to a failure of chondrogenic differentiation of the mesenchymal cells caused by
insufficient levels of BMP signaling (Bandyopadhyay et al., 2006). In addition, the skeletal elements that form are shorter
and thinner. Chondrocyte differentiation within the skeletal elements is delayed but otherwise normal. Concomitantly,
the endochondral ossification process is also delayed and bone formation is severely compromised in these
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mice (Bandyopadhyay et al., 2006). Yet, of the two BMPs, BMP2 appears to be the crucial regulator of chondrocyte
proliferation and maturation (Shu et al., 2011). GDF11/BMP11 is required for axial skeleton patterning and acts upstream
of the Hox genes (McPherron et al., 1999; Oh et al., 2002). Postnatally, GDF11 acts on bone homeostasis by stimulating
osteoclastogenesis and inhibiting osteoblast differentiation (Liu et al., 2016). Mutations in human GDF5 (BMP14,
CDMP1) or BMPR1B (ALK6) cause brachydactyly type C (OMIM 113100) and A2 (OMIM 112600), respectively
(Lehmann et al., 2003; Polinkovsky et al., 1997). Gdf5 and Bmpr1b mutant mice also display a brachydactyly phenotype
(Storm et al., 1994; Baur et al., 2000; Yi et al., 2000). Closer examination of the Gdf5 mutant brachypodism mouse
revealed that the absence of the joint separating phalangeal elements 1 and 2 is due to the loss of the cartilaginous anlage
and subsequent formation of the skeletal element by intramembranous instead of endochondral bone formation (Storm and
Kingsley, 1999). The related family members Gdf5, Gdf6, and Gdf7 are expressed in the interzone of different subsets of
joints. Gdf6 mutants display fusions of carpal and tarsal joints, and double mutants for Gdf5/6 show additional skeletal
defects (Settle et al., 2003). Interestingly, postnatally, GDF5 and GDF7 modulate the rate of endochondral tibial growth by
altering the duration of the hypertrophic phase in the more active growth plate in opposite ways (Mikic et al., 2004, 2008).
Bead-implant experiments in chicken and mouse embryos as well as various in vitro experiments revealed a prochon-
drogenic activity of BMP2, BMP4, or GDF5 protein, which can be antagonized by the secreted molecule Noggin
(Zimmerman et al., 1996; Merino et al., 1999; Wijgerde et al., 2005). Consistent with this, Noggin-knockout mice display
appendicular skeletal overgrowth and lack synovial joints (Brunet et al., 1998). Yet, surprisingly the caudal axial skeleton
does not develop in the Noggin mutants. The vertebral phenotype can in part be reverted by the loss of one functional
Bmp4 allele, supporting the notion that too high levels of BMP4 signaling in the axial mesoderm may actually inhibit the
differentiation of sclerotomal cells to chondrocytes. Instead, these cells take on a lateral mesodermal fate (Wijgerde et al.,
2005; Murtaugh et al., 1999; Hirsinger et al., 1997). Double knockout of the BMP receptors Bmpr1a (Alk3) and Bmpr1b
(Alk6) revealed a functional redundancy of these two receptors in endochondral ossification. Chondrocyte differentiation in
the axial and appendicular skeleton is severely compromised in the mice lacking both receptors (Yoon et al., 2005).
Conditional mutants for activin receptor type IA (Alk2) display only mild axial phenotypes. Double mutant analysis
revealed a functional redundancy with Bmpr1a and Bmpr1b in endochondral skeletogenesis (Rigueur et al., 2015).
Conditional postnatal deletion of Bmpr1a revealed a role for BMP signaling in the maintenance of the chondrogenic cell
fate in the growth plate (Jing et al., 2013). Constitutively activating mutations in ALK2 are found in patients with
fibrodysplasia ossificans progressiva (OMIM 156400), a rare disorder in which the connective tissue progressively ossifies
after traumatic injury (Shore et al., 2006). For further reading see reviews by Rosen (2006), Pogue and Lyons (2006), Wu
et al. (2007, 2016), and Wang et al. (2014b).

Parathyroid hormone-related protein and Indian hedgehog

The paracrine hormone parathyroid hormone-related protein (PTHrP) and its receptor PTH1R are part of a crucial regu-
latory node, also referred to as the IHH/PTHrP feedback loop, coordinating chondrocyte proliferation with maturation in
endochondral bone formation (Fig. 1.7). PTHrP is also required for normal intramembranous ossification (Suda et al.,
2001). In the appendicular skeletal elements, PTHrP is expressed locally at high levels in the periarticular cells and at lower
levels in the proliferating chondrocytes. Its receptor is expressed also at low levels in proliferating and at higher levels in
pre-HCCs (Lee et al., 1996; Vortkamp et al., 1996; St-Jacques et al., 1999). PTHrP and Pthr1 mutant mice display similar,
but not identical phenotypes, with numerous skeletal abnormalities, including severely shortened long bones (Karaplis
et al., 1994; Lanske et al., 1996). In both, the shortening of the long bones is associated with reduced chondrocyte pro-
liferation and accelerated HCC maturation and bone formation (Amizuka et al., 1996; Lee et al., 1996; Lanske et al., 1998).
Chimeric mice with Pth1r�/� clones in their growth plates revealed that the effects on chondrocyte maturation were direct
but influenced by positional cues, as these clones expressed either Ihh or Col10a1 ectopically dependent on their location
within the proliferative zone (Chung et al., 1998). Concomitantly, mice overexpressing either PTHrP or a constitutively
active form of PTH1R in chondrocytes show a delay in HCC maturation early and a prolonged persistence of HCCs
associated with a delay in blood vessel invasion at later stages of development (Weir et al., 1996; Schipani et al., 1997b).
PTH1R is a seven-transmembrane receptor coupled to heterotrimeric G proteins, consisting of a, b, and g subunits. Its
activation by PTHrP results in signaling via either the Gs(a)/cAMP or the Gq(a)/inositol-3-phosphate-dependent pathway.
The two downstream pathways have opposing effects on chondrocyte hypertrophy with Gq(a)/inositol-3-phosphate-
dependent signaling cell-autonomously accelerating hypertrophic differentiation, while Gs(a)/cAMP-signaling delays it
(Guo et al., 2002; Bastepe et al., 2004). The intracellular mediator of the canonical WNT signaling pathway, b-catenin,
interacts with the PTH1R and may modulate the switch from Gs(a) to the Gq(a) signaling (Yano et al., 2013; Yang and
Wang, 2015). The Gs(a)/cAMP signaling pathway is also involved in the maintenance of the pool of round proliferating
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chondrocytes (Chagin and Kronenberg, 2014). The inhibitory effect on chondrocyte hypertrophy is mediated through the
activation of protein kinase A (PKA) downstream of Gs(a)/cAMP signaling. This, in turn, promotes the following
response: translocation of histone deacetylase 4 (HDAC4) into the nucleus where it binds to and inhibits the transcriptional
activity of MEF2 transcription factors (Kozhemyakina et al., 2009). Furthermore, PTHrP signaling increases the expression
of the transcription factor ZFP521, which negatively influences the transcriptional activity of RUNX2, again through
recruitment of HDAC4 (Correa et al., 2010). In addition, PTHrP can decrease RUNX2 production and enhance its
degradation specifically in chondrocytes (Guo et al., 2006; Zhang et al., 2009, 2010). MEF2 and RUNX2 are both positive
regulators of chondrocyte hypertrophy (see later). PKA also phosphorylates SOX9, enhancing its DNA-binding activity,
and stimulates GLI3 processing into its repressor fragment, thereby potentially interfering with chondrocyte maturation
(Huang et al., 2000; Wang et al., 2000; Mau et al., 2007). PTH1R signal via PKA also inhibits the transcription of FGFR3
(McEwen et al., 1999). Furthermore, it leads to a downregulation of the cell-cycle-dependent inhibitor P57, a negative
regulator of chondrocyte proliferation (Yan et al., 1997; MacLean et al., 2004). Last but not least, PTHrP signaling may
stimulate proliferation through AP1/CREB dependent activation of cyclin D1 (Ionescu et al., 2001).

The findings in the different Pthrp/Pth1r mouse models can be correlated with activating mutations in the human
PTH1R that lead to ligand-independent cAMP accumulation in patients with Jansen-type metaphyseal dysplasia (OMIM
156400) (Schipani et al., 1995, 1996, 1997a, 1999). On the other hand, the loss-of-function mutants correlate with the
Blomstrand chondrodysplasia disorder (OMIM 215045) associated with the absence of a functional PTH1R (Karaplis
et al., 1998; Zhang et al., 1998; Jobert et al., 1998). Interestingly, in the recessive Eiken skeletal dysplasia syndrome
(OMIM 600002), a mutation leading to a C-terminal truncation of PTH1R has been identified that results in a phenotype
opposite to that of Blomstrand chondrodysplasia and resembles a transgenic mouse model in which PTH1R signal
transduction via the phospholipase C/inositol-3-phosphate-dependent pathway is compromised (Guo et al., 2002;
Duchatelet et al., 2005).

Ihh, encoding a secreted molecule of the HH family, is expressed in pre-HCCs and has been shown to regulate the
expression of PTHrP (Vortkamp et al., 1996; St-Jacques et al., 1999). This regulation is probably mediated by TGFb2
signaling (Alvarez et al., 2002). Ihh-knockout mice display defects in endochondral and intramembranous bone formation
(St-Jacques et al., 1999; Abzhanov et al., 2007; Lenton et al., 2011). In endochondral bone formation, IHH has multiple
functions; it regulates proliferation and chondrocyte hypertrophy and is essential for osteoblastogenesis in the perichon-
drium. The last function of IHH apparently requires additional effectors other than RUNX2 (Tu et al., 2012). Conditional
deletion of Ihh in Col2a1-CRE-expressing cells recapitulates the total knockout phenotype, including the multiple
synostosis phenotype, a severe form of synchondrosis (Razzaque et al., 2005). In humans, IHH mutations are associated
with brachydactyly type A1 (OMIM 112500), while copy number variations including the IHH locus are associated with
syndactyly and craniosynostosis (Gao et al., 2009; Klopocki et al., 2011). The effects of Ihh on chondrocyte hypertrophy are
PTHrP dependent as well as independent, while those on proliferation, osteoblastogenesis, and joint formation are PTHrP
independent (Karp et al., 2000; Long et al., 2001, 2004; Kobayashi et al., 2005; Amano et al., 2016; Mak et al., 2008).

FIGURE 1.7 PTHrP/PTH1R signaling pathways and their functional consequences on chondrocyte differentiation and proliferation. The molecular
mechanism underlying the differentiation-promoting effect of the PLC signaling branch is not yet understood. PKA, protein kinase A; PLC, phospholipase
C; PTHrP, parathyroid hormone-related protein; PTH1R, PTHrP receptor.
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As mentioned earlier, the transcription factor GLI3 acts downstream of HH signaling, whereby HH signaling prevents the
proteolytic conversion of GLI3 into the repressor form GLI3R. Mutations in GLI3 are associated with Greig cepha-
lopolysyndactyly (OMIM 175700) and PallistereHall syndrome (OMIM 146510) (Demurger et al., 2015). The mouse
mutant extra-toes (Xt), a model for Greig cephalopolysyndactyly syndrome, has a deletion in the Gli3 gene and displays
numerous skeletal abnormalities, such as polydactyly, shortened long bones, split sternum, and craniofacial defects (Hui and
Joyner, 1993; Vortkamp et al., 1992; Mo et al., 1997). Craniofacial abnormalities and shortened appendicular long bones are
also reported in Gli2 mutants (Mo et al., 1997). Interestingly, in double mutants for Ihh and Gli3 the proliferation defect
observed in the Ihh mutants is restored and the accelerated HCC differentiation, observed in Ihh�/� specimens, reverted
(Hilton et al., 2005; Koziel et al., 2005). In contrast, the defects in osteoblastogenesis and cartilage vascularization are only
partially rescued by the loss of Gli3 (Hilton et al., 2005). Based on the observations in Ihh�/�;Gli3�/� double mutants,
Koziel and colleagues proposed a model whereby the IHH/GLI3 system regulates two distinct steps in chondrocyte
differentiation: first, the transition from distal, round chondrocytes to the columnar chondrocytes, which appears to occur in a
PTHrP-independent fashion, and second, the transition from proliferating to HCCs occurring in a PTHrP-dependent
fashion (Koziel et al., 2005). Yet, Mak and colleagues proposed that Ihh also promotes chondrocyte hypertrophy in a
PTHrP-independent way (Mak et al., 2008) (Fig. 1.8). In addition, Ihh activity is required for the maturation of the
perichondrium and, in a cell-autonomous fashion, for the maintenance of endothelial cell fate (Colnot et al., 2005).

WNTs and b-catenin

As mentioned earlier b-catenin-mediated WNT signaling plays an important role as a permissive signal in the early steps of
endochondral bone formation, enabling the differentiation of osteoblasts and cells contributing to the joint by repressing
the chondrogenic potential within the respective precursor populations. The critical role of WNT/b-catenin signaling in
osteoblastogenesis is first shown by the findings that human mutations in the WNT receptor LRP5 cause osteoporosise
pseudoglioma syndrome (OMIM 259770) (Gong et al., 2001; Lara-Castillo and Johnson, 2015). Mutations in the WNT1
gene are causative for osteogenesis imperfecta, type XV, and an autosomal-dominant form of susceptibility to early
onset of osteoporosis (OMIM 615220, 615221) (Keupp et al., 2013; Laine et al., 2013; Pyott et al., 2013). Numerous
WNT-pathway molecules have been identified in genome-wide association studies related to skeletal phenotypes (Hsu and
Kiel, 2012).

Stabilization of b-catenin in limb mesenchymal cells interferes with the initiation process of endochondral ossification
(Hill et al., 2005). In contrast, expression of a constitutively active form of the downstream transcription factor LEF1 in
Col2a1-expressing cells inhibits further maturation of chondrocytes and interferes with the formation of joints (Tamamura
et al., 2005). Later during chondrocyte differentiation, WNT/b-catenin signaling regulates chondrocyte maturation in a
positive manner (Hartmann and Tabin, 2001; Enomoto-Iwamoto et al., 2002; Akiyama et al., 2004; Day et al., 2005; Hill
et al., 2005; Hu et al., 2005; Spater et al., 2006b; Joeng et al., 2011; Dao et al., 2012). This is mediated in multiple ways,

FIGURE 1.8 Parathyroid hormone-related protein (PTHrP) and Indian Hedgehog (IHH) interactions and functions in the growth plate. IHH and PTHrP
participate in a negative feedback loop to regulate chondrocyte proliferation and differentiation. PTHrP is expressed from the perichondrial cells at the
articular region and at low levels in round proliferative chondrocytes. It acts on proliferating chondrocytes, keeping them in a proliferative state and
preventing their differentiation to prehypertrophic and hypertrophic chondrocytes (1). When the PTHrP concentration is sufficiently low enough,
chondrocytes drop out of the cell cycle and differentiate into IHH-producing prehypertrophic chondrocytes. IHH, in turn, stimulates the proliferation of the
adjacent flattened proliferating chondrocytes (2) and accelerates the progression of round to flattened proliferating chondrocytes (3) as well as the
differentiation of prehypertrophic to hypertrophic chondrocytes (4). IHH also stimulates, probably mediated by transforming growth factor b (TGFb)
signaling, PTHrP production at the articular ends of the skeletal element (5) and acts on perichondrial cells, stimulating their differentiation into
osteoblasts (6).
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via direct regulation of Ihh, through interference with SOX9, and in a RUNX2-dependent fashion (Akiyama et al., 2004;
Yano et al., 2005; Spater et al., 2006b; Dong et al., 2006; Dao et al., 2012; Mak et al., 2008). In HCCs, b-catenin signaling
downregulates the expression of Rankl, thereby locally regulating the differentiation of osteoclasts at the chondro-osseous
border (Golovchenko et al., 2013; Wang et al., 2014a; Houben et al., 2016). Based on overexpression of an intracellular
inhibitor of b-catenin, ICAT, it has been proposed that b-catenin positively regulates VEGF and MMP13 (Chen et al.,
2008). Yet, this has not been confirmed in conditional b-catenin mutants. Transient activation of b-catenin during early
postnatal development leads to abnormal growth plate closure and promotes secondary ossification center formation
(Yuasa et al., 2009; Dao et al., 2012). For further information see reviews by Baron and Kneissel (2013), Wang et al.
(2014d), and Usami et al. (2016).

In addition to WNT/b-catenin-mediated signaling, a number of additional WNT signaling pathways are important
within the growth plate. One that is highly relevant is the planar cell polarity pathway and its components, WNT5a and
receptor tyrosine kinase orphan receptor (ROR2). Mutations in WNT5a and ROR2 are associated with Robinow syndrome
(OMIM 268310; 164975) and brachydactyly type B1 (OMIM 113000) (Patton and Afzal, 2002; Person et al., 2010;
Roifman et al., 2015). In mice, loss-of-function mutations in Wnt5a, Ror2, Vangl2, Prickle1, and Ryk result in skeletal
dysplasias resembling those associated with Robinow syndrome (DeChiara et al., 2000; Takeuchi et al., 2000; Wang et al.,
2011; Andre et al., 2012; Macheda et al., 2012; Gao et al., 2011; Yang et al., 2013b; Liu et al., 2014). In mice, Wnt5a and
its related family member Wnt5b are both expressed in pre-HCCs (Yamaguchi et al., 1999; Yang et al., 2003; Witte et al.,
2009). WNT5a promotes chondrocyte proliferation, as such mice lacking Wnt5a develop shorter skeletal elements due to a
reduction in chondrocyte proliferation in zone II of the proliferating chondrocytes, encompassing the flattened proliferating
chondrocytes (Yamaguchi et al., 1999; Yang et al., 2003). Furthermore, chondrocyte differentiation of HCCs is severely
delayed in Wnt5a�/� mice as it is in Ror2 mutants (DeChiara et al., 2000; Takeuchi et al., 2000; Oishi et al., 2003).
Overexpression of either Wnt5a or Wnt5b primarily in chondrocytes also delays chondrocyte differentiation, yet, the two
WNT ligands act on different chondrocyte subsets (Yang et al., 2003). The intracellular pathways underlying these
effects are not known as of this writing. Compromised differentiation of HCCs may be associated with the capacity of
WNT5a to induce the proteolytic cleavage of the transcription factor NKX3.2, which inhibits chondrocyte hypertrophy
(Provot et al., 2006). In vitro, WNT5a and WNT5b can both activate calcium-dependent signaling leading to nuclear
localization of nuclear factor of activated T cells (NFAT), as well as NF-kB signaling, and the kinase JNK (Oishi et al.,
2003; Bradley and Drissi, 2010, 2011). The two pathways have differential effects on chondrogenesis (Bradley and Drissi,
2010). WNT5a signaling has also been shown to downregulate WNT/b-catenin signaling (Topol et al., 2003; Mikels and
Nusse, 2006). However, experiments suggest that it can also enhance WNT/b-catenin signaling during osteoblastogenesis
(Okamoto et al., 2014). Which pathway is preferentially activated may be decided at the level of the coreceptors
(Grumolato et al., 2010).

Fibroblast growth factors and their receptors

FGF signaling also plays a critical role in the growth plate. Mutations in all three human FGFRs cause skeletal malfor-
mations, such as craniosynostosis syndromes (see also intramembranous ossification) and chondrodysplasia. Constitutively
activating mutations in FGFR3 are associated with hypochondrodysplasia (OMIM 146000), achondrodysplasia (OMIM
100800), and thanatophoric dysplasias type I (OMIM 187600) and type II (OMIM 187601). For reviews see Robin et al.
(1993) and Ornitz and Marie (2015).

In the murine growth plate, Fgfr2 is expressed at low levels in the round proliferating zone, also referred to as the
resting zone. Proliferating and pre-HCCs express high levels of Fgfr3, and HCCs express high levels of Fgfr1 (Ornitz and
Marie, 2015). The growth retardation in conditionally deleted Fgfr2 mice is attributed to alterations at the chondro-osseous
junction (Yu et al., 2003). Yet, chondrocyte proliferation was unaffected in these mice. An increase in the zone of
proliferating chondrocytes as well as HCCs was observed upon loss of Fgfr3 (Colvin et al., 1996; Deng et al., 1996). In
contrast, mice carrying an Fgfr3 gene with human achondroplasia mutations display the opposite phenotype, a decrease in
chondrocyte proliferation and a reduced zone of HCCs (Chen et al., 1999; Li et al., 1999). Of the different ligands, FGF9
and FGF18 have been identified based on their mutant phenotypes to be relevant in endochondral bone formation. Both are
expressed in the perichondrium and periosteum. FGF9 and FGF18 are both required for chondrocyte maturation, as the onset
of hypertrophy is delayed in Fgf9�/� and Fgf18�/� embryos (Hung et al., 2007; Liu et al., 2007). Yet, in the Fgf9�/� mutant
only the stylopod elements are affected (Hung et al., 2007). Due to the delay in chondrocyte maturation vascular invasion is
also delayed in both mutants. However, there is evidence that FGF18 may directly stimulate the expression of VEGF
(Liu et al., 2007). In addition, FGF18 is required for chondrocyte proliferation. A 2016 allelic series study of Fgf9/Fgf18
mutant embryos revealed unique and redundant roles of the two ligands in endochondral ossification (Hung et al., 2016).
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C-type natriuretic peptide

In the growth plate, C-type natriuretic peptide (CNP) and its receptor GC-B are primarily expressed in proliferative and
pre-HCCs (Chusho et al., 2001). In humans, homozygous loss-of-function mutations in the receptor cause acromesomelic
dysplasia Maroteaux type (OMIM 602875), while heterozygous mutations are associated with short stature (Bartels et al.,
2004; Olney et al., 2006; Vasques et al., 2013). Yet, the CNP/GC-B system is widely distributed in the body and as such, it
was unclear whether it acts systemically or locally on endochondral ossification. Evidence for the latter is based on
conditional knockouts of Cnp or Gc-b in Col2a1-Cre-expressing cells that recapitulate the dwarfism phenotypes of the
respective full knockouts (Chusho et al., 2001; Tamura et al., 2004; Nakao et al., 2015). Dwarfism is associated with a
decrease in the proliferative zone and in the number and size of HCCs. In contrast, loss of the clearance receptor NPR-C
results in skeletal overgrowth similar to that in mice overexpressing the related molecule BNP (Suda et al., 1998; Jaubert
et al., 1999). Skeletal growth can also be stimulated in a dose-dependent fashion by interfering with the clearance of CNP
by overexpressing osteocrin, a natural NPR-C ligand (Kanai et al., 2017). In humans, overexpression of CNP is also
associated with skeletal overgrowth (Bocciardi et al., 2007). Craniofacial studies in mice suggest that CNP/GC-B signaling
primarily stimulates endochondral ossification (Nakao et al., 2013). Downstream signaling involves cyclic GMP-
dependent kinase II but also interferes with the activation of the mitogen-activated protein kinase cascade downstream
of FGF signaling (Miyazawa et al., 2002; Ozasa et al., 2005). For further reading see the review by Peake et al. (2014).

Notch signaling

Mutations in the Notch signaling components cause at least two human disorders with vertebral column defects,
spondylocostal dysostosis (OMIM 277300, 608681, and 609813) and Alagille syndrome (OMIM 118450 and 610205)
(Baldridge et al., 2010). Gain-of-function mutations in NOTCH2 are found in HajdueCheney syndrome, a rare skeletal
disorder characterized by osteoporosis (OMIM 102500) (Majewski et al., 2011; Isidor et al., 2011). These diseases
highlight, among others, the critical role of the segmentation clock in human axial skeletal development.

In chick and mouse, the Notch receptors 1e4 and the ligands, Delta1 and Jagged1/2, are expressed in a dynamic way
within the developing limb skeleton, and inhibition of Notch signaling disrupts chondrocyte differentiation (Williams et al.,
2009; Dong et al., 2010). Misexpression of the ligand Delta1 in chick inhibits the transition from pre-HCC to HCC (Crowe
et al., 1999). A similar phenotype is observed upon conditional expression of the active Notch intracellular domain (NICD)
in chondrocytes within the long bones, while a loss of skeletal elements due to impaired chondrogenesis is observed in the
axial skeleton (Mead and Yutzey, 2009). The latter is associated with a downregulation of Sox9 and, as shown in additional
studies, with an enhanced proliferation of the mesenchymal progenitor cells, which is dependent on the activity of the
transcriptional cofactor RBPjk (recombination signal binding protein for immunoglobulin k J region), which interacts with
the NICD in the nucleus (Dong et al., 2010; Chen et al., 2013). Consistent with the osteoporosis phenotype in humans, the
gain of Notch signaling in mice affects osteoblastogenesis of endochondral and membranous bones (Hilton et al., 2008;
Mead and Yutzey, 2009; Dong et al., 2010). In contrast, interference with the Notch pathway by conditional deletion of
Presenilin 1/2, encoding proteins required for the NICD release, or the Notch1/2 receptors in the limb mesenchyme results
initially in a delay of the onset of chondrocyte maturation and later in a delay of terminal differentiation leading to an
elongated hypertrophic zone (Hilton et al., 2008). Conditional loss of the Notch effector RBPjk results in a similar
phenotype (Kohn et al., 2012). RBPjk-independent Notch signaling, in contrast, affects the morphology of all growth plate
chondrocytes and enhances osteoblast maturation (Kohn et al., 2012). In the articular chondrocytes, Notch signaling may
be required for the maintenance of a chondroprogenitor population (Sassi et al., 2011).

Transcription factors

SOX9 and RUNX2 are master transcription factors that determine chondrocyte and osteoblast cell fates, respectively. It is
not surprising that genetic defects in chondrocyte or osteoblast cell fate determination cause severe skeletal defects.
Haploinsufficiency of SOX9 protein in humans causes campomelic dysplasia (OMIM 114290) with cartilage hypoplasia
and a perinatal lethal osteochondrodysplasia (Meyer et al., 1997). Mutations in human RUNX2 cause CCD (OMIM
119600), an autosomal-dominant condition characterized by hypoplasia/aplasia of clavicles, patent fontanelles, supernu-
merary teeth, short stature, and other changes in skeletal patterning and growth (Mundlos et al., 1997). The transcription
factor OSX/SP7 acts downstream of RUNX2 within the osteoblast lineage (Nakashima et al., 2002; Nishio et al., 2006).
Mutations in the human SP7 gene may be associated with osteogenesis imperfecta type XII (OMIM 613849) (Lapunzina
et al., 2010).
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Genetic studies in mice revealed that SOX9 plays numerous roles in skeletogenesis, from the initial differentiation of
mesenchymal cells to chondrocytes to the maintenance of chondrogenic phenotype, survival, and the control of chon-
drocyte maturation (reviewed in Lefebvre and Dvir-Ginzberg, 2017). Its necessity for chondrocyte differentiation was first
demonstrated by chimeric studies showing that Sox9-deficient cells are excluded from the cartilage (Bi et al., 1999). SOX9
activates the expression of two related family members, Sox5 and Sox6, and cooperates with them, establishing and
maintaining chondrocyte identity (Smits et al., 2001; Akiyama et al., 2002). SOX9 also interacts directly with and blocks
the activity of the transcription factor RUNX2 at target promoters (Zhou et al., 2006). Runx2 is expressed in pre-HCCs,
HCCs, and osteoblast precursors and is important for HCC and osteoblast differentiation (Komori et al., 1997; Otto et al.,
1997; Inada et al., 1999; Kim et al., 1999). Thus, this interaction maintains chondrocytes in a proliferative state and blocks
their differentiation into HCCs and transdifferentiation into osteoblasts (Dy et al., 2012). RUNX2 acts partially redundantly
with the related RUNX-family member RUNX3 on HCC maturation (Yoshida et al., 2004). Mef2c and Mef2d, members
of the myocyte enhancer factor 2 family of transcription factors, are also expressed in pre-HCCs/HCCs. In contrast to
Mef2d-knockout mice, which have no reported skeletal phenotype, Mef2c-deficient mice have shorter long bones asso-
ciated with a delay in chondrocyte hypertrophy and downregulation of Runx2 expression (Arnold et al., 2007; Kim et al.,
2008). A constitutively active form of MEF2C upregulates Runx2 and promotes chondrocyte hypertrophy, suggesting that
MEF2C acts upstream of RUNX2 (Arnold et al., 2007). The activity of both transcription factors, MEF2C and RUNX2, is
modulated by the histone deacetylase HDAC4 (see later). RUNX2 activity in HCCs is probably also modulated by
interactions with other transcription factors such as Dlx5/6, which both physically interact with RUNX2 (Roca et al., 2005;
Chin et al., 2007). Two members of the forkhead family of transcription factors, Foxa2 and Foxa3, also play a role in
HCCs. Both are expressed in HCCs and the loss of Foxa2 results in decreased expression of hypertrophic markers, such as
Col10a1 and Mmp13, which is aggravated by the additional loss of Foxa3 (Ionescu et al., 2012). The SoxC genes, Sox4,
Sox11, and Sox12, are initially expressed in the mesenchymal progenitors of endochondral and intramembranous bone and
become restricted to the perichondrium and joint as the chondrocytes differentiate (reviewed in Lefebvre and Bhattaram,
2016). In the progenitors, SOXC proteins are required for cell survival (Bhattaram et al., 2010). Later, during endochondral
ossification, they are required for growth plate formation in part by promoting noncanonical WNT5a signaling (Kato et al.,
2015). Other transcription factors, such as Prrx1/Mhox in combination with Prrx2, Msx2, and the AP1 family member
Fra2, also play roles in endochondral ossification (Martin et al., 1995; Lu et al., 1999; Karreth et al., 2004; Satokata et al.,
2000). These can be acting locally restricted as is the case for Prrx1/2 (Lu et al., 1999). For further information see reviews
by Hartmann (2009), Karsenty (2008), and Nishimura et al. (2018).

The hypoxia-inducible transcription factor HIF consists of an a subunit that is regulated by oxygen and a b subunit that
is constitutively expressed (Semenza, 2012; Ratcliffe, 2013). In growth plate chondrocytes, which are hypoxic, the subunit
protein HIF-1a is stabilized and, on one hand, induces the expression of VEGF in HCCs and, on the other hand, regulates
the oxygen consumption of chondrocytes through stimulation of anaerobic metabolism or glycolysis. Both downstream
mechanisms are necessary for chondrocyte survival (Maes et al., 2012; Schipani et al., 2001, 2015; Cramer et al., 2004;
Zelzer et al., 2004). The delayed differentiation observed in Hif1a mutants is probably a consequence of the initial delay in
the initiation of chondrogenesis earlier in development (Provot et al., 2007; Amarilio et al., 2007). In contrast, mutation in
the related a-subunit-encoding gene Hif2a results in only a transient and modest delay in endochondral ossification (Araldi
et al., 2011). Yet, HIF2a appears to play a more prominent role postnatally in articular chondrocyte homeostasis (Pi et al.,
2015; Yang et al., 2010).

Epigenetic factors and microRNAs

Since 2009, novel regulators of chondrogenesis and osteoblastogenesis have emerged, including epigenetic factors
(reviewed in Furumatsu and Ozaki, 2010; Bradley et al., 2015). Among them is the histone deacetylase HDAC4, which
plays a prominent role in HCC differentiation (Vega et al., 2004). HDAC4 binds to and inhibits the activity of two
transcription factors that promote HCC differentiation, RUNX2 and MEF2C (Vega et al., 2004; Arnold et al., 2007).
Histone-acetyl transferases such as P300 are important cofactors for BMP/SMAD1- and TGFb/SMAD3-dependent
signaling (Furumatsu et al., 2005; Pan et al., 2009; Sun et al., 2009). P300 also acts as a cofactor within the WNT/
b-catenin pathway (Levy et al., 2004) and interacts with SOX9 (Furumatsu et al., 2005). SOX9 is also acetylated, which
reduces its transcriptional activity, and this can be modulated by the NAD-dependent class III protein deacetylase Sirtuin
(SIRT1) (Buhrmann et al., 2014; Bar Oz et al., 2016). SIRT1 and the histone methyltransferases SET7/SET9 also interact
with P300 on the type II collagen promoter, promoting transcription (Oppenheimer et al., 2014). Conditional mouse
mutants for the histone methyltransferase Eset have severely shortened limbs, a split sternum, and a widening of the sagittal
suture of the skull (Yang et al., 2013a). The growth plates of Eset conditional knockout mice are disorganized, and HCC
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differentiation appears to be accelerated. ESET interacts with HDAC4 to repress RUNX2 activity, thereby delaying
hypertrophic differentiation (Yang et al., 2013a). Overall changes in the chromatin acetylation status in chondrocytes are
induced through the interaction of the transcription factor TRPS1 with HDAC1 and HDAC4 (Wuelling et al., 2013).

Conditional deletion of Dicer, an enzyme that is required for the biogenesis of microRNAs, in chondrocytes revealed a
functional role for microRNAs in chondrocyte proliferation and differentiation (Kobayashi et al., 2008). The latter is
associated with a widened hypertrophic zone. Some of the specific microRNAs involved in these phenotypes are let-7 and
miR-140 (Miyaki et al., 2010; Nakamura et al., 2011; Papaioannou et al., 2013). The noncoding RNA Dnm3os, a precursor
for the microRNAs miR-199a, miR-199a*, and miR-214, is required for normal growth and skeletal development
(Watanabe et al., 2008). In vitro, numerous microRNAs are differentially regulated during chondrogenesis and in
osteoarthritis (Swingler et al., 2012; Crowe et al., 2016). For additional information on the role of microRNAs in skeletal
development and homeostasis see Hong and Reddi (2012), Mirzamohammadi et al. (2014), and Fang et al. (2015).

Another class of RNA molecules with emerging functions in skeletal development are the long noncoding RNAs
(lncRNAs). Mutations in the lncRNA DA125942, which interacts with PTHrP, result in brachydactyly type E (OMIM
613382) (Maass et al., 2012). The lncRNA DANCR promotes the chondrogenic differentiation of human synovial stem
cellelike cells and is involved in osteoblastogenesis (reviewed in Huynh et al., 2017).

The functional roles of the vasculature in endochondral bone formation

Cartilage is an avascular and hypoxic tissue, yet, the ossification process and the remodeling of the cartilage template into
cancellous bone require blood vessel invasion. Proliferating chondrocytes express numerous antiangiogenic factors, such
as Chondromodulin I, Tenomodulin, Tissue-localized inhibitors of MMPs, and others (Maes, 2013). HCCs, in contrast,
express VEGF, which is required to attract blood vessels to the perichondrium flanking the hypertrophic zone, as
exemplified by mutant mice in which Vegf was deleted in cartilage or which lacked specifically the diffusible splice
isoforms VEGF120 and VEGF164 (Zelzer et al., 2004; Maes et al., 2004, 2012). Vegf expression in HCCs is controlled by
RUNX2 and, as mentioned earlier, by HIF1 (Zelzer et al., 2001). The invasion of blood vessels probably play an important
role in the formation of the bone marrow cavity during endochondral ossification. Evidence for this is based on blocking
VEGF signaling, which affects cartilage resorption, resulting in the elongation of the zone of HCCs (Gerber et al., 1999).
Yet, as the monocytes, which are precursors for chondroclasts and osteoclasts, enter the bone marrow cavity via blood
vessels, it is difficult to unambiguously distinguish between the functional requirements of the two components for the
formation of the bone marrow cavity. Chondroclasts and osteoclasts produce matrix-degrading enzymes. Yet, the mineral
dissolution function of osteoclasts is dispensable for the degradation of HCCs during long bone growth (Touaitahuata
et al., 2014). Blood vessel endothelial cells also produce and secrete, among others, MMP9/Gelatinase B under proan-
giogenic conditions and may, therefore, be actively involved in the degradation of the cartilage matrix (Taraboletti et al.,
2002). Blood vessels are, furthermore, important for trabecular bone formation during endochondral ossification. As
mentioned previously, osteoblast precursors migrate into the forming bone marrow cavity along the blood vessels (Maes
et al., 2010). In addition, it has been shown that the bone marrow cavity contains at least two types of blood vessels. In the
embryo, an E and an L type can be distinguished, whereof the E type strongly supports osteoblast lineage cells (Langen
et al., 2017). In the adult, the H-type vessels are the ones supporting osteoblast maturation (Kusumbe et al., 2014). Blood
vessels also play a role as a structural component in trabecular bone formation. In addition to the mineralized cartilage
matrix remnants, the vessels serve as structures for osteoid deposition (Ben Shoham et al., 2016).

References

Abzhanov, A., Rodda, S.J., Mcmahon, A.P., Tabin, C.J., 2007. Regulation of skeletogenic differentiation in cranial dermal bone. Development 134,

3133e3144.
Adair, F.L., Scammin, R.E., 1921. A study of the ossification centers of the wrist, knee and ankle at birth, with particular reference to the physical

development and maturity of the newborn. Am. J. Obstet. Gynecol. 2, 35e60.

Ahn, K., Mishina, Y., Hanks, M.C., Behringer, R.R., Crenshaw 3rd, E.B., 2001. BMPR-IA signaling is required for the formation of the apical ectodermal
ridge and dorsal-ventral patterning of the limb. Development 128, 4449e4461.

Ahrens, M.J., Li, Y., Jiang, H., Dudley, A.T., 2009. Convergent extension movements in growth plate chondrocytes require gpi-anchored cell surface

proteins. Development 136, 3463e3474.
AI-Aql, Z.S., Alagl, A.S., Graves, D.T., Gerstenfeld, L.C., Einhorn, T.A., 2008. Molecular mechanisms controlling bone formation during fracture healing

and distraction osteogenesis. J. Dent. Res. 87, 107e118.
Akiyama, H., Chaboissier, M.C., Martin, J.F., Schedl, A., De Crombrugghe, B., 2002. The transcription factor Sox9 has essential roles in successive steps

of the chondrocyte differentiation pathway and is required for expression of Sox5 and Sox6. Genes Dev. 16, 2813e2828.

Molecular and cellular regulation of intramembranous and endochondral bone formation Chapter | 1 27



Akiyama, H., Kim, J.E., Nakashima, K., Balmes, G., Iwai, N., Deng, J.M., Zhang, Z., Martin, J.F., Behringer, R.R., Nakamura, T., De Crombrugghe, B.,

2005. Osteo-chondroprogenitor cells are derived from Sox9 expressing precursors. Proc. Natl. Acad. Sci. U.S.A. 102, 14665e14670.
Akiyama, H., Lyons, J.P., Mori-Akiyama, Y., Yang, X., Zhang, R., Zhang, Z., Deng, J.M., Taketo, M.M., Nakamura, T., Behringer, R.R., Mccrea, P.D.,

DE Crombrugghe, B., 2004. Interactions between Sox9 and beta-catenin control chondrocyte differentiation. Genes Dev. 18, 1072e1087.

Alvarez, J., Costales, L., Lopez-Muniz, A., Lopez, J.M., 2005. Chondrocytes are released as viable cells during cartilage resorption associated with the
formation of intrachondral canals in the rat tibial epiphysis. Cell Tissue Res. 320, 501e507.

Alvarez, J., Sohn, P., Zeng, X., Doetschman, T., Robbins, D.J., Serra, R., 2002. TGFbeta2 mediates the effects of hedgehog on hypertrophic differen-
tiation and PTHrP expression. Development 129, 1913e1924.

Amano, K., Densmore, M., Fan, Y., Lanske, B., 2016. Ihh and PTH1R signaling in limb mesenchyme is required for proper segmentation and subsequent
formation and growth of digit bones. Bone 83, 256e266.

Amarilio, R., Viukov, S.V., Sharir, A., Eshkar-Oren, I., Johnson, R.S., Zelzer, E., 2007. HIF1alpha regulation of Sox9 is necessary to maintain

differentiation of hypoxic prechondrogenic cells during early skeletogenesis. Development 134, 3917e3928.
Amizuka, N., Henderson, J.E., Hoshi, K., Warshawsky, H., Ozawa, H., Goltzman, D., Karaplis, A.C., 1996. Programmed cell death of chondrocytes and

aberrant chondrogenesis in mice homozygous for parathyroid hormone-related peptide gene deletion. Endocrinology 137, 5055e5067.

Anderson, H.C., Garimella, R., Tague, S.E., 2005a. The role of matrix vesicles in growth plate development and biomineralization. Front. Biosci. 10,
822e837.

Anderson, H.C., Harmey, D., Camacho, N.P., Garimella, R., Sipe, J.B., Tague, S., Bi, X., Johnson, K., Terkeltaub, R., Millan, J.L., 2005b. Sustained

osteomalacia of long bones despite major improvement in other hypophosphatasia-related mineral deficits in tissue nonspecific alkaline phosphatase/
nucleotide pyrophosphatase phosphodiesterase 1 double-deficient mice. Am. J. Pathol. 166, 1711e1720.

Anderson, H.C., Sipe, J.B., Hessle, L., Dhanyamraju, R., Atti, E., Camacho, N.P., Millan, J.L., Dhamyamraju, R., 2004. Impaired calcification around
matrix vesicles of growth plate and bone in alkaline phosphatase-deficient mice. Am. J. Pathol. 164, 841e847.

Andre, P., Wang, Q., Wang, N., Gao, B., Schilit, A., Halford, M.M., Stacker, S.A., Zhang, X., Yang, Y., 2012. The Wnt coreceptor Ryk regulates Wnt/
planar cell polarity by modulating the degradation of the core planar cell polarity component Vangl2. J. Biol. Chem. 287, 44518e44525.

Annes, J.P., Munger, J.S., Rifkin, D.B., 2003. Making sense of latent TGFbeta activation. J. Cell Sci. 116, 217e224.

Araldi, E., Khatri, R., Giaccia, A.J., Simon, M.C., Schipani, E., 2011. Lack of HIF-2alpha in limb bud mesenchyme causes a modest and transient delay of
endochondral bone development. Nat. Med. 17, 25e26 (author reply 27-9).

Archer, C.W., Dowthwaite, G.P., Francis-West, P., 2003. Development of synovial joints. Birth Defects Res. C Embryo Today 69, 144e155.

Arnold, M.A., Kim, Y., Czubryt, M.P., Phan, D., Mcanally, J., Qi, X., Shelton, J.M., Richardson, J.A., Bassel-Duby, R., Olson, E.N., 2007. MEF2C
transcription factor controls chondrocyte hypertrophy and bone development. Dev. Cell 12, 377e389.

Aszodi, A., Hunziker, E.B., Brakebusch, C., Fassler, R., 2003. Beta1 integrins regulate chondrocyte rotation, G1 progression, and cytokinesis. Genes Dev.
17, 2465e2479.

Atit, R., Sgaier, S.K., Mohamed, O.A., Taketo, M.M., Dufort, D., Joyner, A.L., Niswander, L., Conlon, R.A., 2006. Beta-catenin activation is necessary
and sufficient to specify the dorsal dermal fate in the mouse. Dev. Biol. 296, 164e176.

Aulehla, A., Pourquie, O., 2008. Oscillating signaling pathways during embryonic development. Curr. Opin. Cell Biol. 20, 632e637.

Badve, C.A., K, M.M., Iyer, R.S., Ishak, G.E., Khanna, P.C., 2013. Craniosynostosis: imaging review and primer on computed tomography. Pediatr.
Radiol. 43, 728e742 (quiz 725-7).

Baffi, M.O., Slattery, E., Sohn, P., Moses, H.L., Chytil, A., Serra, R., 2004. Conditional deletion of the TGF-beta type II receptor in Col2a expressing cells

results in defects in the axial skeleton without alterations in chondrocyte differentiation or embryonic development of long bones. Dev. Biol. 276,
124e142.

Bai, C.B., Auerbach, W., Lee, J.S., Stephen, D., Joyner, A.L., 2002. Gli2, but not Gli1, is required for initial Shh signaling and ectopic activation of the

Shh pathway. Development 129, 4753e4761.
Baker, J., Liu, J.P., Robertson, E.J., Efstratiadis, A., 1993. Role of insulin-like growth factors in embryonic and postnatal growth. Cell 75, 73e82.
Baldridge, D., Shchelochkov, O., Kelley, B., Lee, B., 2010. Signaling pathways in human skeletal dysplasias. Annu. Rev. Genom. Hum. Genet. 11, 189e217.
Ballock, R.T., O’keefe, R.J., 2003. The biology of the growth plate. J. Bone Joint Surg. Am. 85-A, 715e726.

Bandyopadhyay, A., Tsuji, K., Cox, K., Harfe, B.D., Rosen, V., Tabin, C.J., 2006. Genetic analysis of the roles of BMP2, BMP4, and BMP7 in limb
patterning and skeletogenesis. PLoS Genet. 2, e216.

Bar oz, M., Kumar, A., Elayyan, J., Reich, E., Binyamin, M., Kandel, L., Liebergall, M., Steinmeyer, J., Lefebvre, V., Dvir-Ginzberg, M., 2016.

Acetylation reduces SOX9 nuclear entry and ACAN gene transactivation in human chondrocytes. Aging Cell 15, 499e508.
Barna, M., Niswander, L., 2007. Visualization of cartilage formation: insight into cellular properties of skeletal progenitors and chondrodysplasia

syndromes. Dev. Cell 12, 931e941.

Barna, M., Pandolfi, P.P., Niswander, L., 2005. Gli3 and Plzf cooperate in proximal limb patterning at early stages of limb development. Nature 436,
277e281.

Baron, R., Kneissel, M., 2013. WNT signaling in bone homeostasis and disease: from human mutations to treatments. Nat. Med. 19, 179e192.
Barrow, J.R., Thomas, K.R., Boussadia-Zahui, O., Moore, R., Kemler, R., Capecchi, M.R., Mcmahon, A.P., 2003. Ectodermal Wnt3/beta-catenin

signaling is required for the establishment and maintenance of the apical ectodermal ridge. Genes Dev. 17, 394e409.
Bartels, C.F., Bukulmez, H., Padayatti, P., Rhee, D.K., Van Ravenswaaij-Arts, C., Pauli, R.M., Mundlos, S., Chitayat, D., Shih, L.Y., Al-Gazali, L.I.,

Kant, S., Cole, T., Morton, J., Cormier-Daire, V., Faivre, L., Lees, M., Kirk, J., Mortier, G.R., Leroy, J., Zabel, B., Kim, C.A., Crow, Y.,

Braverman, N.E., Van Den Akker, F., Warman, M.L., 2004. Mutations in the transmembrane natriuretic peptide receptor NPR-B impair skeletal
growth and cause acromesomelic dysplasia, type Maroteaux. Am. J. Hum. Genet. 75, 27e34.

28 PART | I Basic principles



Bastepe, M., Weinstein, L.S., Ogata, N., Kawaguchi, H., Juppner, H., Kronenberg, H.M., Chung, U.I., 2004. Stimulatory G protein directly regulates

hypertrophic differentiation of growth plate cartilage in vivo. Proc. Natl. Acad. Sci. U.S.A. 101, 14794e14799.
Baur, S.T., Mai, J.J., Dymecki, S.M., 2000. Combinatorial signaling through BMP receptor IB and GDF5: shaping of the distal mouse limb and the

genetics of distal limb diversity. Development 127, 605e619.

Ben Shoham, A., Rot, C., Stern, T., Krief, S., Akiva, A., Dadosh, T., Sabany, H., Lu, Y., Kadler, K.E., Zelzer, E., 2016. Deposition of collagen type I onto
skeletal endothelium reveals a new role for blood vessels in regulating bone morphology. Development 143, 3933e3943.

Benazet, J.D., Pignatti, E., Nugent, A., Unal, E., Laurent, F., Zeller, R., 2012. Smad4 is required to induce digit ray primordia and to initiate the ag-
gregation and differentiation of chondrogenic progenitors in mouse limb buds. Development 139, 4250e4260.

Benazet, J.D., Zeller, R., 2009. Vertebrate limb development: moving from classical morphogen gradients to an integrated 4-dimensional patterning
system. Cold Spring Harb. Perspect. Biol. 1 a001339.

Bhat, R., Lerea, K.M., Peng, H., Kaltner, H., Gabius, H.J., Newman, S.A., 2011. A regulatory network of two galectins mediates the earliest steps of avian

limb skeletal morphogenesis. BMC Dev. Biol. 11, 6.
Bhattaram, P., Penzo-Mendez, A., Kato, K., Bandyopadhyay, K., Gadi, A., Taketo, M.M., Lefebvre, V., 2014. SOXC proteins amplify canonical WNT

signaling to secure nonchondrocytic fates in skeletogenesis. J. Cell Biol. 207, 657e671.

Bhattaram, P., Penzo-Mendez, A., Sock, E., Colmenares, C., Kaneko, K.J., Vassilev, A., Depamphilis, M.L., Wegner, M., Lefebvre, V., 2010.
Organogenesis relies on SoxC transcription factors for the survival of neural and mesenchymal progenitors. Nat. Commun. 1, 9.

Bi, W., Deng, J.M., Zhang, Z., Behringer, R.R., De Crombrugghe, B., 1999. Sox9 is required for cartilage formation. Nat. Genet. 22, 85e89.

Blitz, E., Sharir, A., Akiyama, H., Zelzer, E., 2013. Tendon-bone attachment unit is formed modularly by a distinct pool of Scx- and Sox9-positive
progenitors. Development 140, 2680e2690.

Blumer, M.J., Longato, S., Fritsch, H., 2008. Structure, formation and role of cartilage canals in the developing bone. Ann. Anat. 190, 305e315.
Bocciardi, R., Giorda, R., Buttgereit, J., Gimelli, S., Divizia, M.T., Beri, S., Garofalo, S., Tavella, S., Lerone, M., Zuffardi, O., Bader, M., Ravazzolo, R.,

Gimelli, G., 2007. Overexpression of the C-type natriuretic peptide (CNP) is associated with overgrowth and bone anomalies in an individual with
balanced t(2;7) translocation. Hum. Mutat. 28, 724e731.

Boskey, A.L., Spevak, L., Paschalis, E., Doty, S.B., Mckee, M.D., 2002. Osteopontin deficiency increases mineral content and mineral crystallinity in

mouse bone. Calcif. Tissue Int. 71, 145e154.
Boulet, A.M., Moon, A.M., Arenkiel, B.R., Capecchi, M.R., 2004. The roles of Fgf4 and Fgf8 in limb bud initiation and outgrowth. Dev. Biol. 273,

361e372.

Bradley, E.W., Carpio, L.R., Van Wijnen, A.J., Mcgee-Lawrence, M.E., Westendorf, J.J., 2015. Histone deacetylases in bone development and skeletal
disorders. Physiol. Rev. 95, 1359e1381.

Bradley, E.W., Drissi, M.H., 2010. WNT5A regulates chondrocyte differentiation through differential use of the CaN/NFAT and IKK/NF-kappaB
pathways. Mol. Endocrinol. 24, 1581e1593.

Bradley, E.W., Drissi, M.H., 2011. Wnt5b regulates mesenchymal cell aggregation and chondrocyte differentiation through the planar cell polarity
pathway. J. Cell. Physiol. 226, 1683e1693.

Brent, A.E., Schweitzer, R., Tabin, C.J., 2003. A somitic compartment of tendon progenitors. Cell 113, 235e248.

Brighton, C.T., 1978. Structure and function of the growth plate. Clin. Orthop. Relat. Res. 22e32.
Bronfin, D.R., 2001. Misshapen heads in babies: position or pathology? Ochsner J. 3, 191e199.
Brunet, L.J., Mcmahon, J.A., Mcmahon, A.P., Harland, R.M., 1998. Noggin, cartilage morphogenesis, and joint formation in the mammalian skeleton.

Science 280, 1455e1457.
Buhrmann, C., Busch, F., Shayan, P., Shakibaei, M., 2014. Sirtuin-1 (SIRT1) is required for promoting chondrogenic differentiation of mesenchymal stem

cells. J. Biol. Chem. 289, 22048e22062.

Burke, A.C., 2000. Hox genes and the global patterning of the somitic mesoderm. Curr. Top. Dev. Biol. 47, 155e181.
Burke, A.C., Nelson, C.E., Morgan, B.A., Tabin, C., 1995. Hox genes and the evolution of vertebrate axial morphology. Development 121, 333e346.
Cairns, D.M., Sato, M.E., Lee, P.G., Lassar, A.B., Zeng, L., 2008. A gradient of Shh establishes mutually repressing somitic cell fates induced by Nkx3.2

and Pax3. Dev. Biol. 323, 152e165.

Candela, M.E., Cantley, L., Yasuaha, R., Iwamoto, M., Pacifici, M., Enomoto-Iwamoto, M., 2014. Distribution of slow-cycling cells in epiphyseal
cartilage and requirement of beta-catenin signaling for their maintenance in growth plate. J. Orthop. Res. 32, 661e668.

Chagin, A.S., Kronenberg, H.M., 2014. Role of G-proteins in the differentiation of epiphyseal chondrocytes. J. Mol. Endocrinol. 53, R39eR45.

Charite, J., Mcfadden, D.G., Olson, E.N., 2000. The bHLH transcription factor dHAND controls Sonic hedgehog expression and establishment of the zone
of polarizing activity during limb development. Development 127, 2461e2470.

Chellaiah, M.A., Kizer, N., Biswas, R., Alvarez, U., Strauss-Schoenberger, J., Rifas, L., Rittling, S.R., Denhardt, D.T., Hruska, K.A., 2003. Osteopontin

deficiency produces osteoclast dysfunction due to reduced CD44 surface expression. Mol. Biol. Cell 14, 173e189.
Chen, H., Lun, Y., Ovchinnikov, D., Kokubo, H., Oberg, K.C., Pepicelli, C.V., Gan, L., Lee, B., Johnson, R.L., 1998. Limb and kidney defects in Lmx1b

mutant mice suggest an involvement of LMX1B in human nail patella syndrome. Nat. Genet. 19, 51e55.
Chen, H., Shi, S., Acosta, L., Li, W., Lu, J., Bao, S., Chen, Z., Yang, Z., Schneider, M.D., Chien, K.R., Conway, S.J., Yoder, M.C., Haneline, L.S.,

Franco, D., Shou, W., 2004. BMP10 is essential for maintaining cardiac growth during murine cardiogenesis. Development 131, 2219e2231.
Chen, J.M., 1952. Studies on the morphogenesis of the mouse sternum. I. Normal embryonic development. J. Anat. 86, 373e386.
Chen, L., Adar, R., Yang, X., Monsonego, E.O., Li, C., Hauschka, P.V., Yayon, A., Deng, C.X., 1999. Gly369Cys mutation in mouse FGFR3 causes

achondroplasia by affecting both chondrogenesis and osteogenesis. J. Clin. Invest. 104, 1517e1525.

Molecular and cellular regulation of intramembranous and endochondral bone formation Chapter | 1 29



Chen, M., Zhu, M., Awad, H., Li, T.F., Sheu, T.J., Boyce, B.F., Chen, D., O’keefe, R.J., 2008. Inhibition of beta-catenin signaling causes defects in

postnatal cartilage development. J. Cell Sci. 121, 1455e1465.
Chen, S., Tao, J., Bae, Y., Jiang, M.M., Bertin, T., Chen, Y., Yang, T., Lee, B., 2013. Notch gain of function inhibits chondrocyte differentiation via

Rbpj-dependent suppression of Sox9. J. Bone Miner. Res. 28, 649e659.

Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., Beachy, P.A., 1996. Cyclopia and defective axial patterning in mice lacking
Sonic hedgehog gene function. Nature 383, 407e413.

Chin, H.J., Fisher, M.C., Li, Y., Ferrari, D., Wang, C.K., Lichtler, A.C., Dealy, C.N., Kosher, R.A., 2007. Studies on the role of Dlx5 in regulation of
chondrocyte differentiation during endochondral ossification in the developing mouse limb. Dev. Growth Differ. 49, 515e521.

Christ, B., Huang, R., Scaal, M., 2004. Formation and differentiation of the avian sclerotome. Anat. Embryol. 208, 333e350.
Christ, B., Huang, R., Scaal, M., 2007. Amniote somite derivatives. Dev. Dynam. 236, 2382e2396.
Chung, U.I., Lanske, B., Lee, K., Li, E., Kronenberg, H., 1998. The parathyroid hormone/parathyroid hormone-related peptide receptor coordinates

endochondral bone development by directly controlling chondrocyte differentiation. Proc. Natl. Acad. Sci. U.S.A. 95, 13030e13035.
Chusho, H., Tamura, N., Ogawa, Y., Yasoda, A., Suda, M., Miyazawa, T., Nakamura, K., Nakao, K., Kurihara, T., Komatsu, Y., Itoh, H., Tanaka, K.,

Saito, Y., Katsuki, M., Nakao, K., 2001. Dwarfism and early death in mice lacking C-type natriuretic peptide. Proc. Natl. Acad. Sci. U.S.A. 98,

4016e4021.
Ciurea, A.V., Toader, C., 2009. Genetics of craniosynostosis: review of the literature. J. Med. Life 2, 5e17.
Cohen Jr., M.M., 2000. Craniofacial disorders caused by mutations in homeobox genes MSX1 and MSX2. J. Craniofac. Genet. Dev. Biol. 20, 19e25.

Colnot, C., De La Fuente, L., Huang, S., Hu, D., Lu, C., St-Jacques, B., Helms, J.A., 2005. Indian hedgehog synchronizes skeletal angiogenesis and
perichondrial maturation with cartilage development. Development 132, 1057e1067.

Colnot, C., Lu, C., Hu, D., Helms, J.A., 2004. Distinguishing the contributions of the perichondrium, cartilage, and vascular endothelium to skeletal
development. Dev. Biol. 269, 55e69.

Colvin, J.S., Bohne, B.A., Harding, G.W., Mcewen, D.G., Ornitz, D.M., 1996. Skeletal overgrowth and deafness in mice lacking fibroblast growth factor
receptor 3. Nat. Genet. 12, 390e397.

Cooper, K.L., Oh, S., Sung, Y., Dasari, R.R., Kirschner, M.W., Tabin, C.J., 2013. Multiple phases of chondrocyte enlargement underlie differences in

skeletal proportions. Nature 495, 375e378.
Correa, D., Hesse, E., Seriwatanachai, D., Kiviranta, R., Saito, H., Yamana, K., Neff, L., Atfi, A., Coillard, L., Sitara, D., Maeda, Y., Warming, S.,

Jenkins, N.A., Copeland, N.G., Horne, W.C., Lanske, B., Baron, R., 2010. Zfp521 is a target gene and key effector of parathyroid hormone-related

peptide signaling in growth plate chondrocytes. Dev. Cell 19, 533e546.
Cramer, T., Schipani, E., Johnson, R.S., Swoboda, B., Pfander, D., 2004. Expression of VEGF isoforms by epiphyseal chondrocytes during low-oxygen

tension is HIF-1 alpha dependent. Osteoarthritis Cartilage 12, 433e439.
Crowe, N., Swingler, T.E., Le, L.T., Barter, M.J., Wheeler, G., Pais, H., Donell, S.T., Young, D.A., Dalmay, T., Clark, I.M., 2016. Detecting new

microRNAs in human osteoarthritic chondrocytes identifies miR-3085 as a human, chondrocyte-selective, microRNA. Osteoarthritis Cartilage 24,
534e543.

Crowe, R., Zikherman, J., Niswander, L., 1999. Delta-1 negatively regulates the transition from prehypertrophic to hypertrophic chondrocytes during

cartilage formation. Development 126, 987e998.
Cygan, J.A., Johnson, R.L., Mcmahon, A.P., 1997. Novel regulatory interactions revealed by studies of murine limb pattern in Wnt-7a and En-1 mutants.

Development 124, 5021e5032.

Dao, D.Y., Jonason, J.H., Zhang, Y., Hsu, W., Chen, D., Hilton, M.J., O’keefe, R.J., 2012. Cartilage-specific beta-catenin signaling regulates chondrocyte
maturation, generation of ossification centers, and perichondrial bone formation during skeletal development. J. Bone Miner. Res. 27, 1680e1694.

Davis, C.A., Holmyard, D.P., Millen, K.J., Joyner, A.L., 1991. Examining pattern formation in mouse, chicken and frog embryos with an En-specific

antiserum. Development 111, 287e298.
Day, T.F., Guo, X., Garrett-Beal, L., Yang, Y., 2005. Wnt/beta-catenin signaling in mesenchymal progenitors controls osteoblast and chondrocyte

differentiation during vertebrate skeletogenesis. Dev. Cell 8, 739e750.
Dechiara, T.M., Kimble, R.B., Poueymirou, W.T., Rojas, J., Masiakowski, P., Valenzuela, D.M., Yancopoulos, G.D., 2000. Ror2, encoding a receptor-

like tyrosine kinase, is required for cartilage and growth plate development. Nat. Genet. 24, 271e274.
Deckelbaum, R.A., Holmes, G., Zhao, Z., Tong, C., Basilico, C., Loomis, C.A., 2012. Regulation of cranial morphogenesis and cell fate at the neural

crest-mesoderm boundary by engrailed 1. Development 139, 1346e1358.

Delise, A.M., Fischer, L., Tuan, R.S., 2000. Cellular interactions and signaling in cartilage development. Osteoarthritis Cartilage 8, 309e334.
Delise, A.M., Tuan, R.S., 2002a. Alterations in the spatiotemporal expression pattern and function of N-cadherin inhibit cellular condensation and

chondrogenesis of limb mesenchymal cells in vitro. J. Cell. Biochem. 87, 342e359.

Delise, A.M., Tuan, R.S., 2002b. Analysis of N-cadherin function in limb mesenchymal chondrogenesis in vitro. Dev. Dynam. 225, 195e204.
Demurger, F., Ichkou, A., Mougou-Zerelli, S., Le Merrer, M., Goudefroye, G., Delezoide, A.L., Quelin, C., Manouvrier, S., Baujat, G., Fradin, M.,

Pasquier, L., Megarbane, A., Faivre, L., Baumann, C., Nampoothiri, S., Roume, J., Isidor, B., Lacombe, D., Delrue, M.A., Mercier, S., Philip, N.,
Schaefer, E., Holder, M., Krause, A., Laffargue, F., Sinico, M., Amram, D., Andre, G., Liquier, A., Rossi, M., Amiel, J., Giuliano, F., Boute, O.,

Dieux-Coeslier, A., Jacquemont, M.L., Afenjar, A., Van Maldergem, L., Lackmy-Port-Lis, M., Vincent-Delorme, C., Chauvet, M.L., Cormier-Daire, V.,
Devisme, L., Genevieve, D., Munnich, A., Viot, G., Raoul, O., Romana, S., Gonzales, M., Encha-Razavi, F., Odent, S., Vekemans, M., Attie-Bitach, T.,
2015. New insights into genotype-phenotype correlation for GLI3 mutations. Eur. J. Hum. Genet. 23, 92e102.

30 PART | I Basic principles



Deng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A., Leder, P., 1996. Fibroblast growth factor receptor 3 is a negative regulator of bone growth. Cell 84,

911e921.
Docheva, D., Popov, C., Alberton, P., Aszodi, A., 2014. Integrin signaling in skeletal development and function. Birth Defects Res. C Embryo Today 102,

13e36.

Dodig, S., Raos, M., 1999. [Relation between month of birth and the manifestation of atopic diseases in children and adolescents]. Lijec. Vjesn. 121,
333e338.

Dong, Y., Jesse, A.M., Kohn, A., Gunnell, L.M., Honjo, T., Zuscik, M.J., O’keefe, R.J., Hilton, M.J., 2010. RBPjkappa-dependent Notch signaling
regulates mesenchymal progenitor cell proliferation and differentiation during skeletal development. Development 137, 1461e1471.

Dong, Y.F., Soung Do, Y., Schwarz, E.M., O’keefe, R.J., Drissi, H., 2006. Wnt induction of chondrocyte hypertrophy through the Runx2 transcription
factor. J. Cell. Physiol. 208, 77e86.

Duboc, V., Logan, M.P., 2011. Regulation of limb bud initiation and limb-type morphology. Dev. Dynam. 240, 1017e1027.

Dubrulle, J., Pourquie, O., 2003. Welcome to syndetome: a new somitic compartment. Dev. Cell 4, 611e612.
Duchatelet, S., Ostergaard, E., Cortes, D., Lemainque, A., Julier, C., 2005. Recessive mutations in PTHR1 cause contrasting skeletal dysplasias in Eiken

and Blomstrand syndromes. Hum. Mol. Genet. 14, 1e5.

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A.L., Karsenty, G., 1997. Osf2/Cbfa1: a transcriptional activator of osteoblast differentiation. Cell 89,
747e754.

Dy, P., Wang, W., Bhattaram, P., Wang, Q., Wang, L., Ballock, R.T., Lefebvre, V., 2012. Sox9 directs hypertrophic maturation and blocks osteoblast

differentiation of growth plate chondrocytes. Dev. Cell 22, 597e609.
Ebensperger, C., Wilting, J., Brand-Saberi, B., Mizutani, Y., Christ, B., Balling, R., Koseki, H., 1995. Pax-1, a regulator of sclerotome development is

induced by notochord and floor plate signals in avian embryos. Anat. Embryol. 191, 297e310.
Engsig, M.T., Chen, Q.J., Vu, T.H., Pedersen, A.C., Therkidsen, B., Lund, L.R., Henriksen, K., Lenhard, T., Foged, N.T., Werb, Z., Delaisse, J.M., 2000.

Matrix metalloproteinase 9 and vascular endothelial growth factor are essential for osteoclast recruitment into developing long bones. J. Cell Biol.
151, 879e889.

Enishi, T., Yukata, K., Takahashi, M., Sato, R., Sairyo, K., Yasui, N., 2014. Hypertrophic chondrocytes in the rabbit growth plate can proliferate and

differentiate into osteogenic cells when capillary invasion is interposed by a membrane filter. PLoS One 9 e104638.
Enomoto-Iwamoto, M., Kitagaki, J., Koyama, E., Tamamura, Y., Wu, C., Kanatani, N., Koike, T., Okada, H., Komori, T., Yoneda, T., Church, V.,

Francis-West, P.H., Kurisu, K., Nohno, T., Pacifici, M., Iwamoto, M., 2002. The Wnt antagonist Frzb-1 regulates chondrocyte maturation and long

bone development during limb skeletogenesis. Dev. Biol. 251, 142e156.
Eshkar-Oren, I., Viukov, S.V., Salameh, S., Krief, S., Oh, C.D., Akiyama, H., Gerber, H.P., Ferrara, N., Zelzer, E., 2009. The forming limb skeleton

serves as a signaling center for limb vasculature patterning via regulation of Vegf. Development 136, 1263e1272.
Fallon, J.F., Lopez, A., Ros, M.A., Savage, M.P., Olwin, B.B., Simandl, B.K., 1994. FGF-2: apical ectodermal ridge growth signal for chick limb

development. Science 264, 104e107.
Fang, S., Deng, Y., Gu, P., Fan, X., 2015. MicroRNAs regulate bone development and regeneration. Int. J. Mol. Sci. 16, 8227e8253.
Farnum, C.E., 1994. Differential growth rates of long bones. In: Hall, B.K. (Ed.), Bone: Mechanisms of Bone Development and Growth. CRC Press,

Boca Raton.
Farnum, C.E., Wilsman, N.J., 1987. Morphologic stages of the terminal hypertrophic chondrocyte of growth plate cartilage. Anat. Rec. 219, 221e232.
Farrow, E., Nicot, R., Wiss, A., Laborde, A., Ferri, J., 2018. Cleidocranial dysplasia: a review of clinical, radiological, genetic implications and a

guidelines proposal. J. Craniofac. Surg. 29, 382e389.
Fedde, K.N., Blair, L., Silverstein, J., Coburn, S.P., Ryan, L.M., Weinstein, R.S., Waymire, K., Narisawa, S., Millan, J.L., Macgregor, G.R., Whyte, M.P.,

1999. Alkaline phosphatase knock-out mice recapitulate the metabolic and skeletal defects of infantile hypophosphatasia. J. Bone Miner. Res. 14,

2015e2026.
Fenichel, I., Evron, Z., Nevo, Z., 2006. The perichondrial ring as a reservoir for precartilaginous cells. In vivo model in young chicks’ epiphysis. Int.

Orthop. 30, 353e356.
Fernandez-Teran, M., Piedra, M.E., Kathiriya, I.S., Srivastava, D., Rodriguez-Rey, J.C., Ros, M.A., 2000. Role of dHAND in the anterior-posterior

polarization of the limb bud: implications for the Sonic hedgehog pathway. Development 127, 2133e2142.
Fernando, W.A., Leininger, E., Simkin, J., Li, N., Malcom, C.A., Sathyamoorthi, S., Han, M., Muneoka, K., 2011. Wound healing and blastema formation

in regenerating digit tips of adult mice. Dev. Biol. 350, 301e310.

Franzen, A., Hultenby, K., Reinholt, F.P., Onnerfjord, P., Heinegard, D., 2008. Altered osteoclast development and function in osteopontin deficient mice.
J. Orthop. Res. 26, 721e728.

Furumatsu, T., Ozaki, T., 2010. Epigenetic regulation in chondrogenesis. Acta. Med. Okayama 64, 155e161.

Furumatsu, T., Tsuda, M., Taniguchi, N., Tajima, Y., Asahara, H., 2005. Smad3 induces chondrogenesis through the activation of SOX9 via
CREB-binding protein/p300 recruitment. J. Biol. Chem. 280, 8343e8350.

Gao, B., Hu, J., Stricker, S., Cheung, M., Ma, G., Law, K.F., Witte, F., Briscoe, J., Mundlos, S., He, L., Cheah, K.S., Chan, D., 2009. A mutation in Ihh
that causes digit abnormalities alters its signalling capacity and range. Nature 458, 1196e1200.

Gao, B., Song, H., Bishop, K., Elliot, G., Garrett, L., English, M.A., Andre, P., Robinson, J., Sood, R., Minami, Y., Economides, A.N., Yang, Y., 2011.
Wnt signaling gradients establish planar cell polarity by inducing Vangl2 phosphorylation through Ror2. Dev. Cell 20, 163e176.

Gardner, C.A., Barald, K.F., 1992. Expression patterns of engrailed-like proteins in the chick embryo. Dev. Dynam. 193, 370e388.

Molecular and cellular regulation of intramembranous and endochondral bone formation Chapter | 1 31



Gat-Yablonski, G., Shtaif, B., Abraham, E., Phillip, M., 2008. Nutrition-induced catch-up growth at the growth plate. J. Pediatr. Endocrinol. Metab. 21,

879e893.
Gerber, H.P., Vu, T.H., Ryan, A.M., Kowalski, J., Werb, Z., Ferrara, N., 1999. VEGF couples hypertrophic cartilage remodeling, ossification and

angiogenesis during endochondral bone formation. Nat. Med. 5, 623e628.

Giustina, A., Mazziotti, G., Canalis, E., 2008. Growth hormone, insulin-like growth factors, and the skeleton. Endocr. Rev. 29, 535e559.
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, 102e112.
Gong, Y., Slee, R.B., Fukai, N., Rawadi, G., Roman-Roman, S., Reginato, A.M., Wang, H., Cundy, T., Glorieux, F.H., Lev, D., Zacharin, M., Oexle, K.,

Marcelino, J., Suwairi, W., Heeger, S., Sabatakos, G., Apte, S., Adkins, W.N., Allgrove, J., Arslan-Kirchner, M., Batch, J.A., Beighton, P.,
Black, G.C., Boles, R.G., Boon, L.M., Borrone, C., Brunner, H.G., Carle, G.F., Dallapiccola, B., De Paepe, A., Floege, B., Halfhide, M.L., Hall, B.,
Hennekam, R.C., Hirose, T., Jans, A., Juppner, H., Kim, C.A., Keppler-Noreuil, K., Kohlschuetter, A., Lacombe, D., Lambert, M., Lemyre, E.,

Letteboer, T., Peltonen, L., Ramesar, R.S., Romanengo, M., Somer, H., Steichen-Gersdorf, E., Steinmann, B., Sullivan, B., Superti-Furga, A.,
Swoboda, W., Van Den Boogaard, M.J., Van Hul, W., Vikkula, M., Votruba, M., Zabel, B., Garcia, T., Baron, R., Olsen, B.R., Warman, M.L.,
Osteoporosis-Pseudoglioma Syndrome Collaborative, G., 2001. LDL receptor-related protein 5 (LRP5) affects bone accrual and eye development.

Cell 107, 513e523.
Goodrich, E.S., 1930. Studies on the Structure and Development of Vertebrates. Macmillan, London.
Goumans, M.J., Valdimarsdottir, G., Itoh, S., Rosendahl, A., Sideras, P., TEN Dijke, P., 2002. Balancing the activation state of the endothelium via two

distinct TGF-beta type I receptors. EMBO J. 21, 1743e1753.
Grumolato, L., Liu, G., Mong, P., Mudbhary, R., Biswas, R., Arroyave, R., Vijayakumar, S., Economides, A.N., Aaronson, S.A., 2010. Canonical and

noncanonical Wnts use a common mechanism to activate completely unrelated coreceptors. Genes Dev. 24, 2517e2530.
Guo, J., Chung, U.I., Kondo, H., Bringhurst, F.R., Kronenberg, H.M., 2002. The PTH/PTHrP receptor can delay chondrocyte hypertrophy in vivo without

activating phospholipase C. Dev. Cell 3, 183e194.
Guo, J., Chung, U.I., Yang, D., Karsenty, G., Bringhurst, F.R., Kronenberg, H.M., 2006. PTH/PTHrP receptor delays chondrocyte hypertrophy via both

Runx2-dependent and -independent pathways. Dev. Biol. 292, 116e128.

Guo, X., Day, T.F., Jiang, X., Garrett-Beal, L., Topol, L., Yang, Y., 2004. Wnt/beta-catenin signaling is sufficient and necessary for synovial joint
formation. Genes Dev. 18, 2404e2417.

Hall, B.K., Miyake, T., 1992. The membranous skeleton: the role of cell condensations in vertebrate skeletogenesis. Anat. Embryol. 186, 107e124.

Hall, B.K., Miyake, T., 1995. Divide, accumulate, differentiate: cell condensation in skeletal development revisited. Int. J. Dev. Biol. 39, 881e893.
Hall, B.K., Miyake, T., 2000. All for one and one for all: condensations and the initiation of skeletal development. Bioessays 22, 138e147.
Hall, K.C., Hill, D., Otero, M., Plumb, D.A., Froemel, D., Dragomir, C.L., Maretzky, T., Boskey, A., Crawford, H.C., Selleri, L., Goldring, M.B.,

Blobel, C.P., 2013. ADAM17 controls endochondral ossification by regulating terminal differentiation of chondrocytes. Mol. Cell Biol. 33,

3077e3090.
Hallmann, R., Feinberg, R.N., Latker, C.H., Sasse, J., Risau, W., 1987. Regression of blood vessels precedes cartilage differentiation during chick limb

development. Differentiation 34, 98e105.

Hamburger, V., Hamilton, H.L., 1992. A series of normal stages in the development of the chick embryo. 1951. Dev. Dynam. 195, 231e272.
Hankinson, T.C., Fontana, E.J., Anderson, R.C., Feldstein, N.A., 2010. Surgical treatment of single-suture craniosynostosis: an argument for quantitative

methods to evaluate cosmetic outcomes. J. Neurosurg. Pediatr. 6, 193e197.

Harmey, D., Hessle, L., Narisawa, S., Johnson, K.A., Terkeltaub, R., Millan, J.L., 2004. Concerted regulation of inorganic pyrophosphate and osteopontin
by akp2, enpp1, and ank: an integrated model of the pathogenesis of mineralization disorders. Am. J. Pathol. 164, 1199e1209.

Hartmann, C., 2009. Transcriptional networks controlling skeletal development. Curr. Opin. Genet. Dev. 19, 437e443.

Hartmann, C., Tabin, C.J., 2000. Dual roles of Wnt signaling during chondrogenesis in the chicken limb. Development 127, 3141e3159.
Hartmann, C., Tabin, C.J., 2001. Wnt-14 plays a pivotal role in inducing synovial joint formation in the developing appendicular skeleton. Cell 104,

341e351.
Henriksen, K., Karsdal, M., Delaisse, J.M., Engsig, M.T., 2003. RANKL and vascular endothelial growth factor (VEGF) induce osteoclast chemotaxis

through an ERK1/2-dependent mechanism. J. Biol. Chem. 278, 48745e48753.
Hessle, L., Johnson, K.A., Anderson, H.C., Narisawa, S., Sali, A., Goding, J.W., Terkeltaub, R., Millan, J.L., 2002. Tissue-nonspecific alkaline phos-

phatase and plasma cell membrane glycoprotein-1 are central antagonistic regulators of bone mineralization. Proc. Natl. Acad. Sci. U.S.A. 99,

9445e9449.
Hildebrand, A., Romaris, M., Rasmussen, L.M., Heinegard, D., Twardzik, D.R., Border, W.A., Ruoslahti, E., 1994. Interaction of the small interstitial

proteoglycans biglycan, decorin and fibromodulin with transforming growth factor beta. Biochem. J. 302 (Pt 2), 527e534.

Hill, T.P., Spater, D., Taketo, M.M., Birchmeier, W., Hartmann, C., 2005. Canonical Wnt/beta-catenin signaling prevents osteoblasts from differentiating
into chondrocytes. Dev. Cell 8, 727e738.

Hilton, M.J., Tu, X., Cook, J., Hu, H., Long, F., 2005. Ihh controls cartilage development by antagonizing Gli3, but requires additional effectors to
regulate osteoblast and vascular development. Development 132, 4339e4351.

Hilton, M.J., Tu, X., Wu, X., Bai, S., Zhao, H., Kobayashi, T., Kronenberg, H.M., Teitelbaum, S.L., Ross, F.P., Kopan, R., Long, F., 2008. Notch
signaling maintains bone marrow mesenchymal progenitors by suppressing osteoblast differentiation. Nat. Med. 14, 306e314.

Hinchliffe, J.R., 1994. Evolutionary developmental biology of the tetrapod limb. Dev. Suppl. 163e168.

Hinchliffe, J.R., Johnson, D.R., 1980. The Development of the Vertebrate Limb. Clarendon Press, Oxford.

32 PART | I Basic principles



Hirsinger, E., Duprez, D., Jouve, C., Malapert, P., Cooke, J., Pourquie, O., 1997. Noggin acts downstream of Wnt and Sonic Hedgehog to antagonize

BMP4 in avian somite patterning. Development 124, 4605e4614.
Hiscock, T.W., Tschopp, P., Tabin, C.J., 2017. On the formation of digits and joints during limb development. Dev. Cell 41, 459e465.
Hong, E., Reddi, A.H., 2012. MicroRNAs in chondrogenesis, articular cartilage, and osteoarthritis: implications for tissue engineering. Tissue Eng. B Rev.

18, 445e453.
Houben, A., Kostanova-Poliakova, D., Weissenbock, M., Graf, J., Teufel, S., Von Der Mark, K., Hartmann, C., 2016. beta-catenin activity in late

hypertrophic chondrocytes locally orchestrates osteoblastogenesis and osteoclastogenesis. Development 143, 3826e3838.
Hsu, Y.H., Kiel, D.P., 2012. Clinical review: genome-wide association studies of skeletal phenotypes: what we have learned and where we are headed.

J. Clin. Endocrinol. Metab. 97, E1958eE1977.
Hu, D.P., Ferro, F., Yang, F., Taylor, A.J., Chang, W., Miclau, T., Marcucio, R.S., Bahney, C.S., 2017. Cartilage to bone transformation during fracture

healing is coordinated by the invading vasculature and induction of the core pluripotency genes. Development 144, 221e234.

Hu, H., Hilton, M.J., Tu, X., Yu, K., Ornitz, D.M., Long, F., 2005. Sequential roles of Hedgehog and Wnt signaling in osteoblast development.
Development 132, 49e60.

Huang, W., Zhou, X., Lefebvre, V., De Crombrugghe, B., 2000. Phosphorylation of SOX9 by cyclic AMP-dependent protein kinase A enhances SOX9’s

ability to transactivate a Col2a1 chondrocyte-specific enhancer. Mol. Cell Biol. 20, 4149e4158.
Hubaud, A., Pourquie, O., 2014. Signalling dynamics in vertebrate segmentation. Nat. Rev. Mol. Cell Biol. 15, 709e721.
Hui, C.C., Joyner, A.L., 1993. A mouse model of greig cephalopolysyndactyly syndrome: the extra-toesJ mutation contains an intragenic deletion of the

Gli3 gene. Nat. Genet. 3, 241e246.
Hung, I.H., Schoenwolf, G.C., Lewandoski, M., Ornitz, D.M., 2016. A combined series of Fgf9 and Fgf18 mutant alleles identifies unique and redundant

roles in skeletal development. Dev. Biol. 411, 72e84.
Hung, I.H., Yu, K., Lavine, K.J., Ornitz, D.M., 2007. FGF9 regulates early hypertrophic chondrocyte differentiation and skeletal vascularization in the

developing stylopod. Dev. Biol. 307, 300e313.
Hunziker, E.B., Schenk, R.K., Cruz-Orive, L.M., 1987. Quantitation of chondrocyte performance in growth-plate cartilage during longitudinal bone

growth. J. Bone Joint Surg. Am. 69, 162e173.

Huynh, N.P., Anderson, B.A., Guilak, F., Mcalinden, A., 2017. Emerging roles for long noncoding RNAs in skeletal biology and disease. Connect. Tissue
Res. 58, 116e141.

Hyde, G., Dover, S., Aszodi, A., Wallis, G.A., Boot-Handford, R.P., 2007. Lineage tracing using matrilin-1 gene expression reveals that articular

chondrocytes exist as the joint interzone forms. Dev. Biol. 304, 825e833.
Inada, M., Wang, Y., Byrne, M.H., Rahman, M.U., Miyaura, C., Lopez-Otin, C., Krane, S.M., 2004. Critical roles for collagenase-3 (Mmp13) in

development of growth plate cartilage and in endochondral ossification. Proc. Natl. Acad. Sci. U.S.A. 101, 17192e17197.
Inada, M., Yasui, T., Nomura, S., Miyake, S., Deguchi, K., Himeno, M., Sato, M., Yamagiwa, H., Kimura, T., Yasui, N., Ochi, T., Endo, N.,

Kitamura, Y., Kishimoto, T., Komori, T., 1999. Maturational disturbance of chondrocytes in Cbfa1-deficient mice. Dev. Dynam. 214, 279e290.
Ionescu, A., Kozhemyakina, E., Nicolae, C., Kaestner, K.H., Olsen, B.R., Lassar, A.B., 2012. FoxA family members are crucial regulators of the

hypertrophic chondrocyte differentiation program. Dev. Cell 22, 927e939.

Ionescu, A.M., Schwarz, E.M., Vinson, C., Puzas, J.E., Rosier, R., Reynolds, P.R., O’keefe, R.J., 2001. PTHrP modulates chondrocyte differentiation
through AP-1 and CREB signaling. J. Biol. Chem. 276, 11639e11647.

Ishii, M., Sun, J., Ting, M.C., Maxson, R.E., 2015. The development of the calvarial bones and sutures and the pathophysiology of craniosynostosis. Curr.

Top. Dev. Biol. 115, 131e156.
Isidor, B., Lindenbaum, P., Pichon, O., Bezieau, S., Dina, C., Jacquemont, S., Martin-Coignard, D., Thauvin-Robinet, C., Le Merrer, M., Mandel, J.L.,

David, A., Faivre, L., Cormier-Daire, V., Redon, R., Le Caignec, C., 2011. Truncating mutations in the last exon of NOTCH2 cause a rare skeletal

disorder with osteoporosis. Nat. Genet. 43, 306e308.
Ivaska, J., Heino, J., 2011. Cooperation between integrins and growth factor receptors in signaling and endocytosis. Annu. Rev. Cell Dev. Biol. 27,

291e320.
Iwata, J., Hacia, J.G., Suzuki, A., Sanchez-Lara, P.A., Urata, M., Chai, Y., 2012. Modulation of noncanonical TGF-beta signaling prevents cleft palate in

Tgfbr2 mutant mice. J. Clin. Invest. 122, 873e885.
Jaubert, J., Jaubert, F., Martin, N., Washburn, L.L., Lee, B.K., Eicher, E.M., Guenet, J.L., 1999. Three new allelic mouse mutations that cause skeletal

overgrowth involve the natriuretic peptide receptor C gene (Npr3). Proc. Natl. Acad. Sci. U.S.A. 96, 10278e10283.

Jena, N., Martin-Seisdedos, C., Mccue, P., Croce, C.M., 1997. BMP7 null mutation in mice: developmental defects in skeleton, kidney, and eye. Exp. Cell
Res. 230, 28e37.

Jeong, J., Mao, J., Tenzen, T., Kottmann, A.H., Mcmahon, A.P., 2004. Hedgehog signaling in the neural crest cells regulates the patterning and growth of

facial primordia. Genes Dev. 18, 937e951.
Jho, E.H., Zhang, T., Domon, C., Joo, C.K., Freund, J.N., Costantini, F., 2002. Wnt/beta-catenin/Tcf signaling induces the transcription of Axin2, a

negative regulator of the signaling pathway. Mol. Cell Biol. 22, 1172e1183.
Jiang, X., Iseki, S., Maxson, R.E., Sucov, H.M., Morriss-Kay, G.M., 2002. Tissue origins and interactions in the mammalian skull vault. Dev. Biol. 241,

106e116.
Jin, S.W., Sim, K.B., Kim, S.D., 2016. Development and growth of the normal cranial vault : an embryologic review. J. Korean Neurosurg. Soc. 59,

192e196.

Molecular and cellular regulation of intramembranous and endochondral bone formation Chapter | 1 33



Jing, J., Ren, Y., Zong, Z., Liu, C., Kamiya, N., Mishina, Y., Liu, Y., Zhou, X., Feng, J.Q., 2013. BMP receptor 1A determines the cell fate of the

postnatal growth plate. Int. J. Biol. Sci. 9, 895e906.
Jobert, A.S., Zhang, P., Couvineau, A., Bonaventure, J., Roume, J., LE Merrer, M., Silve, C., 1998. Absence of functional receptors for parathyroid

hormone and parathyroid hormone-related peptide in Blomstrand chondrodysplasia. J. Clin. Invest. 102, 34e40.

Joeng, K.S., Schumacher, C.A., Zylstra-Diegel, C.R., Long, F., Williams, B.O., 2011. Lrp5 and Lrp6 redundantly control skeletal development in the
mouse embryo. Dev. Biol. 359, 222e229.

Johnson, D.R., 1986. The cartilaginous skeleton. In: The Genetics of the Skeleton. Oxford University Press, New York.
Kan, A., Tabin, C.J., 2013. c-Jun is required for the specification of joint cell fates. Genes Dev. 27, 514e524.

Kanai, Y., Yasoda, A., Mori, K.P., Watanabe-Takano, H., Nagai-Okatani, C., Yamashita, Y., Hirota, K., Ueda, Y., Yamauchi, I., Kondo, E.,
Yamanaka, S., Sakane, Y., Nakao, K., Fujii, T., Yokoi, H., Minamino, N., Mukoyama, M., Mochizuki, N., Inagaki, N., 2017. Circulating osteocrin
stimulates bone growth by limiting C-type natriuretic peptide clearance. J. Clin. Invest. 127, 4136e4147.

Karamboulas, K., Dranse, H.J., Underhill, T.M., 2010. Regulation of BMP-dependent chondrogenesis in early limb mesenchyme by TGFbeta signals.
J. Cell Sci. 123, 2068e2076.

Karaplis, A.C., He, B., Nguyen, M.T., Young, I.D., Semeraro, D., Ozawa, H., Amizuka, N., 1998. Inactivating mutation in the human parathyroid

hormone receptor type 1 gene in Blomstrand chondrodysplasia. Endocrinology 139, 5255e5258.
Karaplis, A.C., Luz, A., Glowacki, J., Bronson, R.T., Tybulewicz, V.L., Kronenberg, H.M., Mulligan, R.C., 1994. Lethal skeletal dysplasia from targeted

disruption of the parathyroid hormone-related peptide gene. Genes Dev. 8, 277e289.

Karp, S.J., Schipani, E., St-Jacques, B., Hunzelman, J., Kronenberg, H., Mcmahon, A.P., 2000. Indian hedgehog coordinates endochondral bone growth
and morphogenesis via parathyroid hormone related-protein-dependent and -independent pathways. Development 127, 543e548.

Karreth, F., Hoebertz, A., Scheuch, H., Eferl, R., Wagner, E.F., 2004. The AP1 transcription factor Fra2 is required for efficient cartilage development.
Development 131, 5717e5725.

Karsenty, G., 2001. Minireview: transcriptional control of osteoblast differentiation. Endocrinology 142, 2731e2733.
Karsenty, G., 2008. Transcriptional control of skeletogenesis. Annu. Rev. Genom. Hum. Genet. 9, 183e196.
Kato, K., Bhattaram, P., Penzo-Mendez, A., Gadi, A., Lefebvre, V., 2015. SOXC transcription factors induce cartilage growth plate formation in mouse

embryos by promoting noncanonical WNT signaling. J. Bone Miner. Res. 30, 1560e1571.
Kawai, M., Rosen, C.J., 2012. The insulin-like growth factor system in bone: basic and clinical implications. Endocrinol Metab. Clin. North Am. 41,

323e333 (vi).

Kawakami, Y., Capdevila, J., Buscher, D., Itoh, T., Rodriguez Esteban, C., Izpisua Belmonte, J.C., 2001. WNT signals control FGF-dependent limb
initiation and AER induction in the chick embryo. Cell 104, 891e900.

Keller, B., Yang, T., Chen, Y., Munivez, E., Bertin, T., Zabel, B., Lee, B., 2011. Interaction of TGFbeta and BMP signaling pathways during
chondrogenesis. PLoS One 6 e16421.

Kengaku, M., Capdevila, J., Rodriguez-Esteban, C., De La Pena, J., Johnson, R.L., Izpisua Belmonte, J.C., Tabin, C.J., 1998. Distinct WNT pathways
regulating AER formation and dorsoventral polarity in the chick limb bud. Science 280, 1274e1277.

Keupp, K., Beleggia, F., Kayserili, H., Barnes, A.M., Steiner, M., Semler, O., Fischer, B., Yigit, G., Janda, C.Y., Becker, J., Breer, S., Altunoglu, U.,

Grunhagen, J., Krawitz, P., Hecht, J., Schinke, T., Makareeva, E., Lausch, E., Cankaya, T., Caparros-Martin, J.A., Lapunzina, P., Temtamy, S.,
Aglan, M., Zabel, B., Eysel, P., Koerber, F., Leikin, S., Garcia, K.C., Netzer, C., Schonau, E., Ruiz-Perez, V.L., Mundlos, S., Amling, M.,
Kornak, U., Marini, J., Wollnik, B., 2013. Mutations in WNT1 cause different forms of bone fragility. Am. J. Hum. Genet. 92, 565e574.

Khokha, M.K., Hsu, D., Brunet, L.J., Dionne, M.S., Harland, R.M., 2003. Gremlin is the BMP antagonist required for maintenance of Shh and Fgf signals
during limb patterning. Nat. Genet. 34, 303e307.

Kim, I.S., Otto, F., Zabel, B., Mundlos, S., 1999. Regulation of chondrocyte differentiation by Cbfa1. Mech. Dev. 80, 159e170.

Kim, S.Y., Paylor, S.W., Magnuson, T., Schumacher, A., 2006. Juxtaposed Polycomb complexes co-regulate vertebral identity. Development 133,
4957e4968.

Kim, Y., Phan, D., Van Rooij, E., Wang, D.Z., Mcanally, J., Qi, X., Richardson, J.A., Hill, J.A., Bassel-Duby, R., Olson, E.N., 2008. The MEF2D
transcription factor mediates stress-dependent cardiac remodeling in mice. J. Clin. Invest. 118, 124e132.

Kingsley, D.M., Bland, A.E., Grubber, J.M., Marker, P.C., Russell, L.B., Copeland, N.G., Jenkins, N.A., 1992. The mouse short ear skeletal
morphogenesis locus is associated with defects in a bone morphogenetic member of the TGF beta superfamily. Cell 71, 399e410.

Kishimoto, K., Kitazawa, R., Kurosaka, M., Maeda, S., Kitazawa, S., 2006. Expression profile of genes related to osteoclastogenesis in mouse growth

plate and articular cartilage. Histochem. Cell Biol. 125, 593e602.
Klopocki, E., Lohan, S., Brancati, F., Koll, R., Brehm, A., Seemann, P., Dathe, K., Stricker, S., Hecht, J., Bosse, K., Betz, R.C., Garaci, F.G.,

Dallapiccola, B., Jain, M., Muenke, M., Ng, V.C., Chan, W., Chan, D., Mundlos, S., 2011. Copy-number variations involving the IHH locus are

associated with syndactyly and craniosynostosis. Am. J. Hum. Genet. 88, 70e75.
Kobayashi, T., Lu, J., Cobb, B.S., Rodda, S.J., Mcmahon, A.P., Schipani, E., Merkenschlager, M., Kronenberg, H.M., 2008. Dicer-dependent pathways

regulate chondrocyte proliferation and differentiation. Proc. Natl. Acad. Sci. U.S.A. 105, 1949e1954.
Kobayashi, T., Soegiarto, D.W., Yang, Y., Lanske, B., Schipani, E., Mcmahon, A.P., Kronenberg, H.M., 2005. Indian hedgehog stimulates periarticular

chondrocyte differentiation to regulate growth plate length independently of PTHrP. J. Clin. Invest. 115, 1734e1742.
Kohn, A., Dong, Y., Mirando, A.J., Jesse, A.M., Honjo, T., Zuscik, M.J., O’keefe, R.J., Hilton, M.J., 2012. Cartilage-specific RBPjkappa-dependent

and -independent Notch signals regulate cartilage and bone development. Development 139, 1198e1212.

34 PART | I Basic principles



Komori, T., Yagi, H., Nomura, S., Yamaguchi, A., Sasaki, K., Deguchi, K., Shimizu, Y., Bronson, R.T., Gao, Y.H., Inada, M., Sato, M., Okamoto, R.,

Kitamura, Y., Yoshiki, S., Kishimoto, T., 1997. Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to maturational
arrest of osteoblasts. Cell 89, 755e764.

Kos, L., Chiang, C., Mahon, K.A., 1998. Mediolateral patterning of somites: multiple axial signals, including Sonic hedgehog, regulate Nkx-3.1

expression. Mech. Dev. 70, 25e34.
Kozhemyakina, E., Cohen, T., Yao, T.P., Lassar, A.B., 2009. Parathyroid hormone-related peptide represses chondrocyte hypertrophy through a protein

phosphatase 2A/histone deacetylase 4/MEF2 pathway. Mol. Cell Biol. 29, 5751e5762.
Koziel, L., Wuelling, M., Schneider, S., Vortkamp, A., 2005. Gli3 acts as a repressor downstream of Ihh in regulating two distinct steps of chondrocyte

differentiation. Development 132, 5249e5260.
Kraus, P., Lufkin, T., 2006. Dlx homeobox gene control of mammalian limb and craniofacial development. Am. J. Med. Genet. 140, 1366e1374.
Krumlauf, R., 1992. Evolution of the vertebrate Hox homeobox genes. Bioessays 14, 245e252.

Kusumbe, A.P., Ramasamy, S.K., Adams, R.H., 2014. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone. Nature 507,
323e328.

Laine, C.M., Joeng, K.S., Campeau, P.M., Kiviranta, R., Tarkkonen, K., Grover, M., Lu, J.T., Pekkinen, M., Wessman, M., Heino, T.J., Nieminen-

Pihala, V., Aronen, M., Laine, T., Kroger, H., Cole, W.G., Lehesjoki, A.E., Nevarez, L., Krakow, D., Curry, C.J., Cohn, D.H., Gibbs, R.A.,
Lee, B.H., Makitie, O., 2013. WNT1 mutations in early-onset osteoporosis and osteogenesis imperfecta. N. Engl. J. Med. 368, 1809e1816.

Langen, U.H., Pitulescu, M.E., Kim, J.M., Enriquez-Gasca, R., Sivaraj, K.K., Kusumbe, A.P., Singh, A., DI Russo, J., Bixel, M.G., Zhou, B., Sorokin, L.,

Vaquerizas, J.M., Adams, R.H., 2017. Cell-matrix signals specify bone endothelial cells during developmental osteogenesis. Nat. Cell Biol. 19,
189e201.

Langenskiold, A., 1998. Role of the ossification groove of Ranvier in normal and pathologic bone growth: a review. J. Pediatr. Orthop. 18, 173e177.
Lanske, B., Divieti, P., Kovacs, C.S., Pirro, A., Landis, W.J., Krane, S.M., Bringhurst, F.R., Kronenberg, H.M., 1998. The parathyroid hormone (PTH)/

PTH-related peptide receptor mediates actions of both ligands in murine bone. Endocrinology 139, 5194e5204.
Lanske, B., Karaplis, A.C., Lee, K., Luz, A., Vortkamp, A., Pirro, A., Karperien, M., Defize, L.H., Ho, C., Mulligan, R.C., Abou-Samra, A.B.,

Juppner, H., Segre, G.V., Kronenberg, H.M., 1996. PTH/PTHrP receptor in early development and Indian hedgehog-regulated bone growth. Science

273, 663e666.
Lapunzina, P., Aglan, M., Temtamy, S., Caparros-Martin, J.A., Valencia, M., Leton, R., Martinez-Glez, V., Elhossini, R., Amr, K., Vilaboa, N., Ruiz-

Perez, V.L., 2010. Identification of a frameshift mutation in Osterix in a patient with recessive osteogenesis imperfecta. Am. J. Hum. Genet. 87, 110e114.

Lara-Castillo, N., Johnson, M.L., 2015. LRP receptor family member associated bone disease. Rev. Endocr. Metab. Disord. 16, 141e148.
Lattanzi, W., Bukvic, N., Barba, M., Tamburrini, G., Bernardini, C., Michetti, F., Di Rocco, C., 2012. Genetic basis of single-suture synostoses: genes,

chromosomes and clinical implications. Childs Nerv. Syst. 28, 1301e1310.
Laufer, E., Nelson, C.E., Johnson, R.L., Morgan, B.A., Tabin, C., 1994. Sonic hedgehog and Fgf-4 act through a signaling cascade and feedback loop to

integrate growth and patterning of the developing limb bud. Cell 79, 993e1003.
Lee, B., Thirunavukkarasu, K., Zhou, L., Pastore, L., Baldini, A., Hecht, J., Geoffroy, V., Ducy, P., Karsenty, G., 1997. Missense mutations abolishing

DNA binding of the osteoblast-specific transcription factor OSF2/CBFA1 in cleidocranial dysplasia. Nat. Genet. 16, 307e310.

Lee, K., Lanske, B., Karaplis, A.C., Deeds, J.D., Kohno, H., Nissenson, R.A., Kronenberg, H.M., Segre, G.V., 1996. Parathyroid hormone-related peptide
delays terminal differentiation of chondrocytes during endochondral bone development. Endocrinology 137, 5109e5118.

Lefebvre, V., Bhattaram, P., 2016. SOXC genes and the control of skeletogenesis. Curr. Osteoporos. Rep. 14, 32e38.

Lefebvre, V., Dvir-Ginzberg, M., 2017. SOX9 and the many facets of its regulation in the chondrocyte lineage. Connect. Tissue Res. 58, 2e14.
Lehmann, K., Seemann, P., Stricker, S., Sammar, M., Meyer, B., Suring, K., Majewski, F., Tinschert, S., Grzeschik, K.H., Muller, D., Knaus, P.,

Nurnberg, P., Mundlos, S., 2003. Mutations in bone morphogenetic protein receptor 1B cause brachydactyly type A2. Proc. Natl. Acad. Sci. U.S.A.

100, 12277e12282.
Lenton, K., James, A.W., Manu, A., Brugmann, S.A., Birker, D., Nelson, E.R., Leucht, P., Helms, J.A., Longaker, M.T., 2011. Indian hedgehog positively

regulates calvarial ossification and modulates bone morphogenetic protein signaling. Genesis 49, 784e796.
Leung, J.Y., Kolligs, F.T., Wu, R., Zhai, Y., Kuick, R., Hanash, S., Cho, K.R., Fearon, E.R., 2002. Activation of AXIN2 expression by beta-catenin-T cell

factor. A feedback repressor pathway regulating Wnt signaling. J. Biol. Chem. 277, 21657e21665.
Levet, S., Ciais, D., Merdzhanova, G., Mallet, C., Zimmers, T.A., Lee, S.J., Navarro, F.P., Texier, I., Feige, J.J., Bailly, S., Vittet, D., 2013. Bone

morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation. Blood 122, 598e607.

Levi, B., Wan, D.C., Wong, V.W., Nelson, E., Hyun, J., Longaker, M.T., 2012. Cranial suture biology: from pathways to patient care. J. Craniofac. Surg.
23, 13e19.

Levy, L., Wei, Y., Labalette, C., Wu, Y., Renard, C.A., Buendia, M.A., Neuveut, C., 2004. Acetylation of beta-catenin by p300 regulates beta-catenin-

Tcf4 interaction. Mol. Cell Biol. 24, 3404e3414.
Li, C., Chen, L., Iwata, T., Kitagawa, M., Fu, X.Y., Deng, C.X., 1999. A Lys644Glu substitution in fibroblast growth factor receptor 3 (FGFR3) causes

dwarfism in mice by activation of STATs and ink4 cell cycle inhibitors. Hum. Mol. Genet. 8, 35e44.
Li, Y., Dudley, A.T., 2009. Noncanonical frizzled signaling regulates cell polarity of growth plate chondrocytes. Development 136, 1083e1092.

Lian, J.B., Stein, G.S., 2003. Runx2/Cbfa1: a multifunctional regulator of bone formation. Curr. Pharmaceut. Des. 9, 2677e2685.
Lim, J., Tu, X., Choi, K., Akiyama, H., Mishina, Y., Long, F., 2015. BMP-Smad4 signaling is required for precartilaginous mesenchymal condensation

independent of Sox9 in the mouse. Dev. Biol. 400, 132e138.

Molecular and cellular regulation of intramembranous and endochondral bone formation Chapter | 1 35



Lindsey, R.C., Mohan, S., 2016. Skeletal effects of growth hormone and insulin-like growth factor-I therapy. Mol. Cell. Endocrinol. 432, 44e55.

Liu, C., Lin, C., Gao, C., May-Simera, H., Swaroop, A., Li, T., 2014. Null and hypomorph Prickle1 alleles in mice phenocopy human Robinow syndrome
and disrupt signaling downstream of Wnt5a. Biol. Open 3, 861e870.

Liu, J.P., Baker, J., Perkins, A.S., Robertson, E.J., Efstratiadis, A., 1993. Mice carrying null mutations of the genes encoding insulin-like growth factor I

(Igf-1) and type 1 IGF receptor (Igf1r). Cell 75, 59e72.
Liu, W., Zhou, L., Zhou, C., Zhang, S., Jing, J., Xie, L., Sun, N., Duan, X., Jing, W., Liang, X., Zhao, H., Ye, L., Chen, Q., Yuan, Q., 2016. GDF11

decreases bone mass by stimulating osteoclastogenesis and inhibiting osteoblast differentiation. Nat. Commun. 7, 12794.
Liu, Z., Lavine, K.J., Hung, I.H., Ornitz, D.M., 2007. FGF18 is required for early chondrocyte proliferation, hypertrophy and vascular invasion of the

growth plate. Dev. Biol. 302, 80e91.
Loeser, R.F., 2000. Chondrocyte integrin expression and function. Biorheology 37, 109e116.
Loeser, R.F., 2002. Integrins and cell signaling in chondrocytes. Biorheology 39, 119e124.

Logan, M., Tabin, C.J., 1999. Role of Pitx1 upstream of Tbx4 in specification of hindlimb identity. Science 283, 1736e1739.
Long, F., Chung, U.I., Ohba, S., Mcmahon, J., Kronenberg, H.M., Mcmahon, A.P., 2004. Ihh signaling is directly required for the osteoblast lineage in the

endochondral skeleton. Development 131, 1309e1318.

Long, F., Zhang, X.M., Karp, S., Yang, Y., Mcmahon, A.P., 2001. Genetic manipulation of hedgehog signaling in the endochondral skeleton reveals a
direct role in the regulation of chondrocyte proliferation. Development 128, 5099e5108.

Longobardi, L., Li, T., Myers, T.J., O’rear, L., Ozkan, H., Li, Y., Contaldo, C., Spagnoli, A., 2012. TGF-beta type II receptor/MCP-5 axis: at the crossroad

between joint and growth plate development. Dev. Cell 23, 71e81.
Loomis, C.A., Harris, E., Michaud, J., Wurst, W., Hanks, M., Joyner, A.L., 1996. The mouse Engrailed-1 gene and ventral limb patterning. Nature 382,

360e363.
Lu, M.F., Cheng, H.T., Lacy, A.R., Kern, M.J., Argao, E.A., Potter, S.S., Olson, E.N., Martin, J.F., 1999. Paired-related homeobox genes cooperate in

handplate and hindlimb zeugopod morphogenesis. Dev. Biol. 205, 145e157.
Lui, J.C., Baron, J., 2011. Effects of glucocorticoids on the growth plate. Endocr. Dev. 20, 187e193.
Luo, G., Hofmann, C., Bronckers, A.L., Sohocki, M., Bradley, A., Karsenty, G., 1995. BMP-7 is an inducer of nephrogenesis, and is also required for eye

development and skeletal patterning. Genes Dev. 9, 2808e2820.
Maass, P.G., Rump, A., Schulz, H., Stricker, S., Schulze, L., Platzer, K., Aydin, A., Tinschert, S., Goldring, M.B., Luft, F.C., Bahring, S., 2012.

A misplaced lncRNA causes brachydactyly in humans. J. Clin. Invest. 122, 3990e4002.

Macheda, M.L., Sun, W.W., Kugathasan, K., Hogan, B.M., Bower, N.I., Halford, M.M., Zhang, Y.F., Jacques, B.E., Lieschke, G.J., Dabdoub, A.,
Stacker, S.A., 2012. The Wnt receptor Ryk plays a role in mammalian planar cell polarity signaling. J. Biol. Chem. 287, 29312e29323.

Maclean, H.E., Guo, J., Knight, M.C., Zhang, P., Cobrinik, D., Kronenberg, H.M., 2004. The cyclin-dependent kinase inhibitor p57(Kip2) mediates
proliferative actions of PTHrP in chondrocytes. J. Clin. Invest. 113, 1334e1343.

Maes, C., 2013. Role and regulation of vascularization processes in endochondral bones. Calcif. Tissue Int. 92, 307e323.
Maes, C., Araldi, E., Haigh, K., Khatri, R., Van Looveren, R., Giaccia, A.J., Haigh, J.J., Carmeliet, G., Schipani, E., 2012. VEGF-independent

cell-autonomous functions of HIF-1alpha regulating oxygen consumption in fetal cartilage are critical for chondrocyte survival. J. Bone Miner.

Res. 27, 596e609.
Maes, C., Kobayashi, T., Selig, M.K., Torrekens, S., Roth, S.I., Mackem, S., Carmeliet, G., Kronenberg, H.M., 2010. Osteoblast precursors, but not

mature osteoblasts, move into developing and fractured bones along with invading blood vessels. Dev. Cell 19, 329e344.

Maes, C., Stockmans, I., Moermans, K., Van Looveren, R., Smets, N., Carmeliet, P., Bouillon, R., Carmeliet, G., 2004. Soluble VEGF isoforms are
essential for establishing epiphyseal vascularization and regulating chondrocyte development and survival. J. Clin. Invest. 113, 188e199.

Majewski, J., Schwartzentruber, J.A., Caqueret, A., Patry, L., Marcadier, J., Fryns, J.P., Boycott, K.M., Ste-Marie, L.G., Mckiernan, F.E., Marik, I., Van

Esch, H., Consortium, F.C., Michaud, J.L., Samuels, M.E., 2011. Mutations in NOTCH2 in families with Hajdu-Cheney syndrome. Hum. Mutat. 32,
1114e1117.

Mak, K.K., Kronenberg, H.M., Chuang, P.T., Mackem, S., Yang, Y., 2008. Indian hedgehog signals independently of PTHrP to promote chondrocyte
hypertrophy. Development 135, 1947e1956.

Mallo, M., 2016. Revisiting the involvement of signaling gradients in somitogenesis. FEBS J. 283, 1430e1437.
Mankoo, B.S., Skuntz, S., Harrigan, I., Grigorieva, E., Candia, A., Wright, C.V., Arnheiter, H., Pachnis, V., 2003. The concerted action of Meox

homeobox genes is required upstream of genetic pathways essential for the formation, patterning and differentiation of somites. Development 130,

4655e4664.
Martin, B.L., 2016. Factors that coordinate mesoderm specification from neuromesodermal progenitors with segmentation during vertebrate axial

extension. Semin. Cell Dev. Biol. 49, 59e67.

Martin, G., 2001. Making a vertebrate limb: new players enter from the wings. Bioessays 23, 865e868.
Martin, J.F., Bradley, A., Olson, E.N., 1995. The paired-like homeo box gene MHox is required for early events of skeletogenesis in multiple lineages.

Genes Dev. 9, 1237e1249.
Martou, G., Antonyshyn, O.M., 2011. Advances in surgical approaches to the upper facial skeleton. Curr. Opin. Otolaryngol. Head Neck Surg. 19,

242e247.
Maruyama, T., Jeong, J., Sheu, T.J., Hsu, W., 2016. Stem cells of the suture mesenchyme in craniofacial bone development, repair and regeneration. Nat.

Commun. 7, 10526.

36 PART | I Basic principles


	Cover

	Principles of Bone Biology, Volume 1 

	Principles of Bone Biology, Volume 2

	Copyright
	Dedication of Fourth Edition to Lawrence G. Raisz
	List of Contributors
	Preface to the Fourth Edition
	VOLUME 1

	Part I: Basic principles

	Section A: Cell biology

	1. Molecular and cellular regulation of intramembranous and endochondral bone formation during embryogenesis
	Introduction
	Intramembranous ossification
	The axial skeleton
	Somitogenesis
	Sclerotome differentiation

	The limb skeleton
	Overview of limb development
	Proximal-distal axis
	Anterior-posterior axis
	Dorsal-ventral axis

	Mesenchymal condensation and patterning of the skeleton
	Endochondral bone formation
	Overview
	The growth plate
	Mediators of skeleton formation
	Systemic mediators
	Local mediators

	Growth factor signaling pathways
	Transforming growth factor β and bone morphogenetic proteins
	Parathyroid hormone-related protein and Indian hedgehog
	WNTs and β-catenin
	Fibroblast growth factors and their receptors
	C-type natriuretic peptide
	Notch signaling

	Transcription factors
	Epigenetic factors and microRNAs
	The functional roles of the vasculature in endochondral bone formation

	References

	2. Skeletal stem cells: tissue-specific stem/progenitor cells of cartilage, bone, stroma, and marrow adipocytes
	Introduction
	Developmental origins of bone and skeletal stem cells
	Germ-layer specifications
	Patterns of bone formation and development of pericytes/skeletal stem cells

	The skeletal lineage
	Regulation of SSC/BMSC fate
	Hormonal regulation
	Signaling pathways and transcription factors
	Epigenetic controls
	MicroRNAs
	Cell-cell and cell-substrate interactions, cell shape, and mechanical forces

	Isolation of SSCs/BMSCs
	Characterization of SSCs/BMSCs
	Potency
	Markers
	Determination of skeletal stem cell self-renewal

	The role of SSCs/BMSCs in postnatal bone turnover and remodeling
	Skeletal stem cells in disease
	Fibrous dysplasia of bone and the McCune-Albright syndrome
	Inherited forms of bone marrow failure
	Role of SSCs/BMSCs in acquired inflammation

	Skeletal stem cells in tissue engineering
	Cell sources
	Scaffolds

	Skeletal stem cells and regenerative medicine
	Stem cell and non-stem cell functions of skeletal stem cells
	Summary
	Acknowledgments
	References

	3. Bone marrow and the hematopoietic stem cell niche
	Introduction
	The niche concept: a historical prospective
	Hematopoietic stem cell microenvironments in the embryo and perinatal period
	The adult bone marrow niche
	Mesenchymal stromal/stem cell populations
	Adipocytes
	Osteoblastic cells
	Endothelial cells
	Hematopoietic cells
	Megakaryocytes
	Macrophages
	Neutrophils
	T cells
	Osteoclasts


	Neuronal regulation of the hematopoietic stem cell niche
	Hormonal regulation of the hematopoietic stem cell niche
	Parathyroid hormone
	Insulin-like growth factor 1

	Niche heterogeneity for heterogeneous hematopoietic stem and progenitor cells
	Conclusions
	Acknowledgments
	References

	4. The osteoblast lineage: its actions and communication mechanisms
	Introduction
	The stages of the osteoblast lineage
	Mesenchymal precursors
	Commitment of osteoblast progenitors (preosteoblasts)
	Mature ``bone-forming'' osteoblasts
	Bone-lining cells
	Osteocytes

	The process of osteoblast lineage differentiation
	At their various stages of development, cells of the osteoblast lineage signal to one another
	An example of contact-dependent communication: EphrinB2/EphB4
	Communication between different stages of differentiation: IL-6 cytokines
	Communication at different stages of differentiation: PTHrP/PTHR1
	Physical sensing and signaling by osteoblasts and osteocytes

	How does the osteoblast lineage promote osteoclast formation?
	Actions of the osteoblast lineage during the bone remodeling sequence
	Lessons in osteoblast biology from the Wnt signaling pathway
	From paracrinology to endocrinology in bone: the secretory osteoblast lineage
	References

	5. Osteoclasts
	Introduction
	Function of osteoclasts
	Morphological features of osteoclasts
	Mechanism of bone resorption
	DC-STAMP/OC-STAMP
	Ruffled border formation

	Role of osteoblastic cells in osteoclastogenesis
	Coculture system
	Macrophage colony-stimulating factor
	Osteoprotegerin and RANKL
	Osteoclastogenesis supported by RANKL

	Signal transduction in osteoclastogenesis
	The M-CSF receptor FMS
	RANK
	Tumor necrosis factor receptors

	ITAM costimulatory signals
	Calcium signals
	SIGLEC-15 and FcγR

	WNT signals
	Canonical WNT signals
	Noncanonical WNT signals

	Induction of osteoclast function
	Adhesion signals
	Cytokine signals

	Characteristics of osteoclast precursors in vivo
	Conclusion and perspective
	References

	6. The osteocyte
	Introduction
	The osteocytic phenotype
	The osteocyte network
	Osteocyte formation and death
	Osteocyte isolation
	Osteocyte markers
	Osteocytic cell lines
	Matrix synthesis
	The osteocyte cytoskeleton and cell-matrix adhesion
	Hormone receptors in osteocytes

	Osteocyte function
	Blood-calcium/phosphate homeostasis
	Functional adaptation, Wolff's law
	Osteocytes as mechanosensory cells
	Canalicular fluid flow and osteocyte mechanosensing
	Osteocyte shape and mechanosensing
	Response of osteocytes to fluid flow in vitro

	Summary and conclusion
	Acknowledgments
	References
	Further reading

	7. Transcriptional control of osteoblast differentiation and function
	Runx2, a master control gene of osteoblast differentiation in bony vertebrates
	Runx2 functions during skeletogenesis beyond osteoblast differentiation
	Regulation of Runx2 accumulation and function
	Osterix, a Runx2-dependent osteoblast-specific transcription factor required for bone formation
	ATF4, a transcriptional regulator of osteoblast functions and a mediator of the neural regulation of bone mass
	Additional transcriptional regulators of osteoblast differentiation and function
	Transcription factors acting downstream of Wnt signaling in osteoblasts: what do they actually do in differentiated osteobl ...
	Regulation of osteoblast differentiation by means other than transcription factors
	References
	Further reading

	8. Wnt signaling and bone cell activity
	Introduction
	Wnt genes and proteins
	Components of the Wnt/β-catenin signaling pathway
	Lrp5, Lrp6, and frizzled
	Dishevelled, glycogen synthase kinase-3β, Axin, and β-catenin
	Transcriptional regulation by β-catenin

	Wnt signaling and bone cell function
	Osteoblast differentiation and function
	Osteoclast function
	Osteocyte function

	Interactions between Wnt/β-catenin signaling and other pathways important in bone mass regulation
	The Wnt signaling pathway as a target for anabolic therapy in bone
	References
	Further Reading

	9. Vascular and nerve interactions
	Introduction
	The vasculature of bone
	Vascularization of developing bone
	Vascularization of the mature skeleton
	Bone cells' control of skeletal vascularization and oxygenation
	Endothelial and angiocrine signaling in bone


	The nerve system of bone
	Innervation of developing bone
	Innervation of the mature skeleton
	Somatic nervous system
	Autonomic nervous system


	Conclusion
	References

	10. Coupling of bone formation and resorption
	Introduction:-bone modeling and bone remodeling
	Development of the concept of coupling
	Coupled remodeling is asynchronous throughout the skeleton
	Coupling is unidirectional and sequential: bone formation following bone resorption
	Coupling as a multicellular process
	Coupling occurs locally within a basic multicellular unit
	Coupling and balance: what is the difference?
	The resorption phase of remodeling and its cessation in the basic multicellular unit
	Coupling mechanisms originate from several cellular sources
	Matrix-derived resorption products as coupling factors
	Coupling factors synthesized and secreted by osteoclasts
	Membrane-bound coupling factors synthesized by osteoclasts
	Perspective on candidate osteoclast-derived coupling factors identified to date
	How other cells contribute to coupling
	Osteoblast lineage cells-sensing the surface and signaling to one another
	Macrophages, immune cells, and endothelial cells

	The reversal phase as a coupling mechanism
	Conclusion
	References

	11. Modeling and remodeling: the cellular machinery responsible for bone's material and structural strength during growth, ...
	Summary
	Bone modeling and remodeling during growth and the attainment of bone's peak material and structural strength
	Definition of bone modeling and remodeling
	Bone's material and structural strength
	Trait variances in adulthood originate before puberty
	Sex and racial differences in bone structure

	Bone remodeling by the basic multicellular unit
	Osteocyte death in signaling bone remodeling
	The bone remodeling compartment
	The multidirectional steps of the remodeling cycle

	Bone remodeling and microstructure during young adulthood, menopause, and advanced age
	Young adulthood: reversible bone loss and microstructural deterioration
	Menopause: reversible and irreversible bone loss and microstructural deterioration
	Advanced age: the predominance of cortical bone loss
	The net effects of reduced periosteal apposition and endosteal bone loss
	Sexual dimorphism in trabecular and cortical bone loss
	The heterogeneous material and structural basis of bone fragility in patients with fractures

	Bone modeling, remodeling, and drug therapy
	Antiresorptive therapy reduces the reversible but not the irreversible deficit in mineralized matrix volume
	Anabolic therapy: restoring the irreversible deficit in mineralized matrix volume and microstructural deterioration by remo ...
	Combined antiresorptive and anabolic therapy

	Conclusion
	References

	12. Aging and bone
	Characteristics of the aged skeleton
	Human
	Rodents

	Bone cell aging
	Osteoblast progenitors
	Osteocytes

	Molecular mechanisms of aging
	Mitochondrial dysfunction
	Cellular senescence
	Loss of autophagy

	Contribution of bone extrinsic mechanisms to skeletal aging
	Loss of sex steroids
	Lipid peroxidation and declining innate immunity
	Decreased physical activity

	Future directions
	References

	Section B: Biochemistry

	13. Type I collagen structure, synthesis, and regulation
	Introduction
	The family of fibrillar collagens
	Structure, biosynthesis, transport, and assembly of type I collagen
	Structure
	Regulation of transcription
	Control of translation
	Intracellular transport
	Fibrillogenesis
	Assembly

	Consequences of genetic mutations on type I collagen formation
	Collagen type I degradation and catabolism
	Collagen type I and bone pathologies
	Transcriptional regulation of type I collagen genes
	Proximal promoters of type I collagen genes
	Transcription factors binding to the pro-α1(I) proximal promoter
	Factors binding to the pro-COL1A2 proximal promoter


	Structure and functional organization of upstream segments of type I collagen genes
	Upstream elements in the pro-Col1a1 gene
	Upstream elements of the mouse pro-Col1a2 gene
	Delineating the mode of action of tissue-specific elements

	Role of the first intronic elements in regulating collagen type I
	First intron of the pro-COL1A1 gene
	First intron of the pro-COL1A2 gene

	Posttranscriptional regulation of type I collagen
	Critical factors involved in type I collagen gene regulation
	Growth factors
	Transforming growth factor β
	Connective tissue growth factor
	Fibroblast growth factor
	Insulin-like growth factor

	Cytokines
	Tumor necrosis factor α
	Interferon γ
	Other cytokines
	Interleukin 1
	Interleukin 13
	Interleukin 4
	Interleukin 6

	Other interleukins


	Arachidonic acid derivatives
	Hormones and vitamins
	Corticosteroids
	Thyroid hormones
	Parathyroid hormone
	Vitamin D


	References

	14. Collagen cross-linking and bone pathobiology
	Introduction
	Advances in collagen cross-link analysis
	Mature cross-link analysis
	Divalent cross-link analysis
	Electrospray mass spectrometry

	Cross-link formation
	Bone collagen cross-linking
	Cross-link structures
	Divalent cross-links
	Pyridinium cross-links
	Pyrrole cross-links
	Pyridinoline and pyrrolic cross-linked peptides in urine
	Histidine-containing collagen cross-links and other maturation products

	Glycosylations and glycations
	Enzymatic glycosylation
	Tissue-dependent variations in cross-link glycosylation
	Potential functions

	Nonspecific glycations
	Advanced glycation end products
	Types of advanced glycation end products

	Potential consequences


	Cross-linking lysine-modifying enzymes
	Lysyl hydroxylases
	Consequences of lysyl hydroxylase gene mutations

	Lysyl oxidases

	Heritable disorders and mouse models
	Heritable disorders
	Collagen posttranslational modifications
	CRTAP, LEPRE1, PPIB
	TMEM38B
	PLOD2 and FKBP10
	SC65 and P3H3
	MBTPS2

	Collagen processing
	Bone morphogenetic protein 1

	Collagen chaperone
	SERPINH1

	Bone mineralization
	IFITM5
	SERPINF1


	Implications for bone fragility and mineral deposition
	Future challenges
	References

	15. Secreted noncollagenous proteins of bone
	Introduction
	Proteoglycans
	Aggrecan and versican (PG-100)
	Decorin (PG-II) and biglycan (PG-I)
	Other leucine-rich repeat sequence proteins and proteoglycans

	Hyaluronan
	Glycoproteins
	Alkaline phosphatase
	Sclerostin
	Periostin
	Osteonectin (SPARC, culture shock protein, and BM40)
	Tetranectin

	RGD-containing glycoproteins
	Thrombospondins
	Fibronectin
	Irisin (FRCP2, fibronectin type III domain-containing protein 5)
	Vitronectin
	Fibrillins
	Bone acidic glycoprotein-75
	Small integrin-binding ligands with N-linked glycosylation
	Osteopontin (spp, BSP-I)
	Bone sialoprotein (BSP-II)
	Dentin matrix protein 1
	Matrix extracellular phosphoglycoprotein

	γ-Carboxyglutamic acid-containing proteins
	Matrix Gla protein
	Osteocalcin


	Serum proteins
	Other proteins
	Control of gene expression
	Bone matrix glycoproteins and ectopic calcifications
	Summary
	References

	16. Bone proteinases
	Introduction
	Metalloproteinases
	Stromelysin
	Type IV collagenases (gelatinases)
	Membrane-type matrix metalloproteinases
	Collagenases
	Collagenase-3/MMP-13
	Plasminogen activators
	Urokinase-type plasminogen activator
	Tissue-type plasminogen activator
	Plasminogen activators in bone
	Cysteine proteinases
	Aspartic proteinases
	Conclusions
	References

	17. Integrins and other cell surface attachment molecules of bone cells
	Introduction
	Role of integrins in bone cells
	Osteoblasts and osteocytes
	Osteoclasts
	Chondrocytes

	Role of cadherins in bone cells
	Osteoblasts and osteocytes
	Osteoclasts
	Chondrocytes

	Roles of other attachment molecules in bone cells
	Syndecans
	Glypicans and perlecan
	CD44
	Immunoglobulin superfamily members
	Osteoactivin
	Chondroadherin

	Conclusion
	Acknowledgments
	References

	18. Intercellular junctions and cell-cell communication in the skeletal system
	Introduction
	Adherens junctions and the cadherin superfamily of cell adhesion molecules
	Cadherins in commitment and differentiation of chondro-osteogenic cells
	Cadherins in skeletal development, growth, and maintenance
	N-cadherin modulation of Wnt/β-catenin signaling in osteoblastogenesis and osteoanabolic responses

	Connexins and gap-junctional intercellular communication
	Connexin diseases affecting the skeleton
	Connexins in the skeleton across the life span
	Function of connexin43 in bone cells
	Mechanisms of connexin43 control of bone cell function

	Conclusions
	Acknowledgments
	References

	Section C: Bone remodeling and mineral homeostasis

	19. Histomorphometric analysis of bone remodeling
	Introduction
	Tetracycline labeling and the surgical procedure
	Sample preparation and analysis
	Routine histomorphometric variables
	Static parameters
	Dynamic parameters

	Normal bone
	Hyperparathyroidism
	Osteomalacia
	Renal osteodystrophy
	Osteoporosis
	Clinical indications for bone biopsy

	Histomorphometric studies of the effects of osteoporosis drugs
	Anticatabolic agents
	Calcitonin
	Hormone therapy
	Selective estrogen receptor modulators
	Bisphosphonates
	Denosumab

	Osteoanabolic therapies
	PTH(1-34) and PTH(1-84)
	Abaloparatide
	Romosozumab

	Comparative studies of anabolic and anticatabolic drugs
	SHOTZ

	AVA study: differential effects of teriparatide and denosumab on intact parathyroid hormone and bone formation indices

	Conclusion
	References

	20. Phosphorus homeostasis and related disorders
	Introduction
	Regulation of phosphate metabolism
	Overview
	Hormonal regulators
	Parathyroid hormone
	Fibroblast growth factor 23

	The role of osteocytes
	Nutritional and gastrointestinal considerations

	Phosphate and bone mineralization
	Intracellular/extracellular compartmentalization
	Mechanisms of phosphate transport
	Intestinal phosphate transport
	Renal phosphate transport
	Ubiquitous metabolic phosphate transporters


	Primary disorders of phosphate homeostasis
	Fibroblast growth factor 23-mediated hypophosphatemic disorders
	X-linked hypophosphatemia (OMIM: 307800)
	Pathophysiology
	Prevalence
	Clinical manifestations
	Therapy

	Autosomal dominant hypophosphatemic rickets (OMIM: 193100)
	Autosomal recessive hypophosphatemic rickets

	Tumor-induced osteomalacia
	Other FGF23-mediated hypophosphatemic syndromes
	Fibroblast growth factor 23-independent hypophosphatemic disorders
	Hereditary hypophosphatemic rickets with hypercalciuria (OMIM: 241530)
	Epidemiology
	Cloning and identification of human mutations in NPT2c
	Pathophysiology
	Clinical presentation and diagnostic evaluation
	Laboratory findings and genetic testing
	Musculoskeletal findings
	Renal findings

	Therapy and resources
	Standard therapy


	Dent's disease (X-linked recessive hypophosphatemic rickets) (OMIM: 300009)
	Hypophosphatemia with osteoporosis and nephrolithiasis due to SLC34A1 (OMIM: 612286) and NHERF1 mutations (OMIM: 604990)
	Autosomal recessive Fanconi syndrome (OMIM: 613388)
	Fanconi-Bickel syndrome (OMIM: 227810)

	Intestinal malabsorption of phosphate

	Hyperphosphatemic syndromes
	Tumoral calcinosis

	Normophosphatemic disorders of cellular phosphorus metabolism
	Summary
	References

	21. Magnesium homeostasis
	Introduction
	Magnesium physiology
	Hereditary disorders of magnesium homeostasis
	Disturbed Mg2+ reabsorption in the thick ascending limb
	Disturbed Mg2+ reabsorption in the distal convoluted tubule

	Acquired hypomagnesemia
	Cisplatin and carboplatin
	Aminoglycosides
	Calcineurin inhibitors
	Proton pump inhibitors

	References

	22. Metal ion toxicity in the skeleton: lead and aluminum
	Introduction
	Research into bone-seeking toxic elements

	Lead
	Measurement of lead in bone
	Lead as an unrecognized risk factor in osteoporosis
	How does lead cause low bone density?
	The β-catenin/sclerostin axis: is it the mechanism for lead toxicity in osteoblasts?
	Mechanism of action of lead: stimulation of sclerostin expression
	A clinical opportunity

	Aluminum
	Summary
	References

	23. Biology of the extracellular calcium-sensing receptor
	Introduction
	Structural and biochemical properties of the calcium-sensing receptor
	Agonists, antagonists, and modulators of the calcium-sensing receptor
	Cationic agonists of the calcium-sensing receptor
	Allosteric modulators
	Synthetic modulators
	Ligand-biased signaling

	Calcium-sensing receptor intracellular signaling
	Calcium-sensing receptor-mediated signaling
	Calcium-sensing receptor-associated intracellular signaling effectors

	Calcium-sensing receptor interacting proteins
	Regulation of calcium-sensing receptor gene expression
	Roles of calcium-sensing receptor in calciotropic tissues
	Calcium-sensing receptor in parathyroid glands
	Calcium-sensing receptor in the kidney
	Calcium-sensing receptor in bone cells
	Calcium-sensing receptor in the breast

	Noncalciotropic roles of the calcium-sensing receptor
	Calcium-sensing receptor in the pancreas
	Calcium-sensing receptor in the gastrointestinal system
	Calcium-sensing receptor in the peripheral vascular system
	Calcium-sensing receptor in the lung
	Calcium-sensing receptor in the epidermis

	References

	Section D: Endocrine and paracrine regulation of bone

	24. Parathyroid hormone molecular biology
	The parathyroid hormone gene
	Organization of the parathyroid hormone gene
	Promoter sequences
	The parathyroid hormone mRNA
	Mutations in the parathyroid hormone gene

	Development of the parathyroid
	Regulation of parathyroid hormone gene expression
	1,25-Dihydroxyvitamin D3
	Calcium
	In vitro studies
	In vivo studies

	Phosphate
	Protein-PTH mRNA interactions determine the posttranscriptional regulation of PTH gene expression by calcium, phosphate, an ...
	A conserved sequence in the PTH mRNA 3′ UTR binds parathyroid cytosolic proteins and determines mRNA stability
	The PTH mRNA 3′-UTR-binding proteins that determine PTH mRNA stability
	AU-rich binding factor
	K-homology splicing regulator protein
	The peptidyl-prolyl isomerase Pin1 determines parathyroid hormone mRNA stability and levels in secondary hyperparathyroidism
	Dynein light-chain Mr 8000 binds the PTH mRNA 3′ untranslated region and mediates its association with microtubules

	MicroRNA in the parathyroid
	Parathyroid-specific deletion of Dicer-dependent microRNA
	Let-7 and miRNA-148 regulate parathyroid hormone levels in secondary hyperparathyroidism


	Sex steroids
	Fibroblast growth factor 23
	Fibroblast growth factor 23 decreases parathyroid hormone expression
	Resistance of the parathyroid to FGF23 in chronic kidney disease


	Parathyroid cell proliferation and mammalian target of rapamycin
	Phosphorylation of ribosomal protein S6 mediates mammalian target of rapamycin-induced parathyroid cell proliferation in se ...

	Summary
	Acknowledgments
	References

	25. Paracrine parathyroid hormone-related protein in bone: physiology and pharmacology
	Introduction: discovery of parathyroid hormone-related protein
	Primary structure, active domains, processing, and secretion
	Interaction with parathyroid hormone receptor 1
	PTHrP tissue distribution and function as a cytokine: the vascular tissue example
	Nuclear import of parathyroid hormone-related protein
	Nuclear actions: intracrine and autocrine
	C-terminal PTHrP and osteostatin
	PTHrP in fetus: early development and endochondral ossification
	PTHrP in bone after endochondral ossification
	Parathyroid hormone-related protein and osteosarcoma
	Distinct roles of PTH and PTHrP in fetal and postnatal bone
	PTH and PTHrP in adult bone: PTHrP in physiology and PTH in pharmacology
	PTHrP analogs in pharmacology: could this change the approach to skeletal anabolic therapy?
	Conclusion
	Acknowledgments
	References

	26. Cardiovascular actions of parathyroid hormone/parathyroid hormone-related protein signaling
	Introduction
	PTH/PTHrP in cardiovascular development
	PTH receptor signaling in arterial biology: vascular smooth muscle cell and endothelial responses to PTH and PTHrP
	PTH2R signaling in vascular pharmacology
	Parathyroid hormone, hyperparathyroidism, and calcific aortic valve disease
	Impaired vascular PTH1R signaling and cardiovascular disease: the impact of hyperparathyroidism on cardiovascular mortality ...
	Chronic kidney disease-mineral and bone disorder: the metabolic ``perfect storm'' of cardiovascular risk
	PTH/PTHrP signaling and the bone-vascular axis
	PTH1R activation and the renin-angiotensin-aldosterone axis: a feed-forward vicious cycle
	Summary, conclusions, and future directions
	Acknowledgments
	References

	27. Parathyroid hormone and parathyroid hormone-related protein actions on bone and kidney
	Introduction
	Receptors and second-messenger systems for parathyroid hormone and parathyroid hormone-related protein
	Expression and actions of parathyroid hormone receptor in bone
	Effects of parathyroid hormone and parathyroid hormone-related protein on bone cells
	Molecular mechanisms of action in osteoblasts
	Transcription factors
	Growth factors and cytokines

	Adaptor proteins
	Effects on gap junctions
	Effects on bone matrix proteins and alkaline phosphatase
	Effects on bone proteases

	Effects of parathyroid hormone and parathyroid hormone-related protein on bone cell proliferation
	Effects of parathyroid hormone and parathyroid hormone-related protein on bone cell differentiation
	Effects of parathyroid hormone and parathyroid hormone-related protein on bone cells
	Survival

	Effects of parathyroid hormone and parathyroid hormone-related protein on bone
	Bone resorption
	Cellular basis of parathyroid hormone action


	Effects of parathyroid hormone and parathyroid hormone-related protein on bone
	Bone formation


	Parathyroid hormone actions on kidney
	Calcium and phosphate homeostasis
	Calcium chemistry
	Serum calcium

	Phosphate chemistry
	Serum phosphate
	Parathyroid hormone actions on mineral-ion homeostasis

	Parathyroid hormone receptor expression, signaling, and regulation in the kidney
	Parathyroid hormone receptor expression
	Parathyroid hormone receptor signal transduction in kidney tubular cells
	Regulation of parathyroid hormone receptor signaling in tubular epithelial cells

	Calcium absorption and excretion
	Renal calcium absorption

	Parathyroid hormone regulation of renal calcium absorption
	Parathyroid hormone effects on proximal tubule calcium transport
	Parathyroid hormone effects on distal tubule calcium transport


	Phosphate excretion
	Mechanisms of proximal tubular phosphate absorption
	Parathyroid hormone regulation of renal phosphate absorption
	Parathyroid hormone receptor signal transduction in the regulation of calcium and phosphate excretion
	Parathyroid hormone signaling of renal calcium transport


	Parathyroid hormone signaling of renal phosphate transport

	Sodium and hydrogen excretion
	Parathyroid hormone regulation of proximal tubular sodium and hydrogen excretion

	Vitamin D metabolism
	Other renal effects of parathyroid hormone
	Renal expression and actions of parathyroid hormone-related protein
	Acknowledgments
	References

	28. Receptors for parathyroid hormone and parathyroid hormone-related protein
	Introduction
	The PTHR1 is a class B G-protein-coupled receptor
	Parathyroid hormone receptor gene structure and evolution
	Structure of the PTHR1 gene
	Evolution of the parathyroid hormone receptor-ligand system

	Mechanisms of ligand recognition and activation by parathyroid hormone receptors
	Basic structural properties of the PTHR1
	Two-site model of ligand binding to the PTHR1
	Mechanism of ligand-induced activation at the PTHR1

	Conformational selectivity and temporal bias at the PTHR1
	Two high-affinity PTH receptor conformational states, R0 and RG
	Conformation-based differences in signaling responses to PTH and PTHrP ligands
	Endosomal signaling and signal termination at the PTHR1
	Ligand-directed temporal bias and therapeutic implications
	LA-PTH, a long-acting PTH/PTHrP analog for hypoparathyroidism
	Abaloparatide: a PTHrP analog for osteoporosis

	PTHR1 mutations in disease
	Jansen's metaphyseal chondrodysplasia
	Other diseases linked to PTHR1 mutations

	Nonpeptide mimetic ligands for the PTHR1
	Other receptors for parathyroid hormone and related ligands
	PTHR2 and PTHR3 subtypes
	Possible receptors for C-terminal PTH and PTHrP

	Conclusions
	References

	29. Structure and function of the vitamin D-binding proteins
	Introduction
	Vitamin D-binding protein
	Genomic regulation
	Structure and polymorphisms
	Biologic function
	Binding to and transport of vitamin D metabolites
	Actin scavenging
	Neutrophil recruitment and migration with complement 5a binding
	Fatty acid binding
	Formation of vitamin D-binding protein-macrophage-activating factor and its functions


	Intracellular trafficking of vitamin D metabolites: role of heat shock protein 70 and hnRNPC1/C2
	The vitamin D receptor
	Genomic location, protein structure, and regulation
	Vitamin D receptor mechanism of action: genomic
	Vitamin D binding sites in the genome
	Coregulators and epigenetic changes regulating VDR function
	Negative vitamin D response elements
	Interaction of VDR with β-catenin signaling

	Vitamin D receptor mechanism of action: nongenomic

	Conclusions
	References

	30. Vitamin D gene regulation
	Vitamin D metabolism
	Role of 1,25(OH)2D3 in classical target tissues
	Bone
	Intestine
	Kidney
	Parathyroid glands

	Nonclassical actions of 1,25(OH)2D3
	Transcriptional regulation by 1,25(OH)2D3
	The vitamin D receptor
	General features of VDR action
	Sites of DNA binding
	Heterodimer formation with retinoid X receptors
	The vitamin D receptor functions to recruit coregulatory complexes that mediate gene regulation


	Applying emerging methodologies to study vitamin D receptor action on a genome-wide scale
	Overarching principles of VDR interaction at target cell genomes in bone cells
	Genome-wide coregulatory recruitment to target genes via the vitamin D receptor
	Identifying underlying early mechanistic outcomes in response to VDR/RXR binding
	The dynamic impact of cellular differentiation and disease on vitamin D receptor cistromes and transcriptional outcomes

	New approaches to the study of vitamin D-mediated gene regulation in vitro and in vivo
	Defining the regulatory sites of action of 1,25(OH)2D3, PTH, and FGF23 in the Cyp27b1 and Cyp24a1 genes in the kidney
	Future directions
	References
	Further Reading

	31. Nonskeletal effects of vitamin D: current status and potential paths forward
	Introduction
	Vitamin D and immunity
	Vitamin D and muscle performance, balance, and falls
	Physiology
	Clinical studies of muscle performance and balance
	Vitamin D and falls

	Vitamin D and cancer
	Cellular mechanisms
	Vitamin D metabolism
	MicroRNA
	Cell cycle regulation and proliferation
	Apoptosis

	Animal studies
	Colorectal cancer
	Breast cancer
	Prostate cancer
	Skin

	Clinical studies
	Colorectal cancer
	Breast cancer
	Prostate cancer
	Skin cancer


	Vitamin D and cardiovascular disease
	Issues in existing data and paths forward to resolve the role of vitamin D deficiency in nonskeletal disease
	Vitamin D status assessment
	Is 25(OH)D measurement enough?
	Clinical and preclinical studies

	Conclusion and paths forward
	References

	32. Cellular actions of parathyroid hormone on bone
	Introduction
	The regulation of bone remodeling by parathyroid hormone
	The generation and Maintenance of basic multicellular units Is governed by parathyroid hormone

	Parathyroid hormone regulates factors that govern the assembly and maintenance of basic multicellular units
	Osteoclast differentiation and life span
	Osteoblast differentiation and the coupling of bone formation to bone resorption

	The bone anabolic effects of intermittent parathyroid hormone
	Stimulation of anabolic remodeling and modeling
	Mechanisms underlying overfill of resorption cavities in response to injections of parathyroid hormone
	Stimulation of bone modeling by osteoblasts in response to injections of parathyroid hormone
	Unresolved issues

	References

	33. Calcitonin peptides
	Introduction
	Calcitonin-family gene and peptide structure
	Extraskeletal actions of calcitonin-family peptides
	Calcitonin
	Calcitonin gene-related peptide
	Amylin

	Receptors for calcitonin-family peptides
	Peptide access to the bone microenvironment
	Effects on osteoclasts
	Calcitonin
	Calcitonin gene-related peptide
	Amylin

	Effects on osteoblasts
	Calcitonin
	Calcitonin gene-related peptide
	Amylin

	Effects of local and systemic peptide administration into laboratory animals
	Skeletal effects
	Effects on calcium metabolism

	The skeletal effects of calcitonin, calcitonin gene-related peptide, and amylin: lessons from genetically modified mice
	Calcitonin and calcitonin gene-related peptide
	Amylin
	Calcitonin receptor
	The role of calcitonin and calcitonin receptor in situations of calcium stress

	Calcitonin, calcitonin gene-related peptide, and amylin-relevance to human bone physiology
	References

	34. Regulation of bone remodeling by central and peripheral nervous signals
	Introduction
	Afferent signals regulating bone remodeling via the central nervous system
	Negative regulation of bone remodeling by leptin
	Dual action of adiponectin on bone remodeling

	Central and efferent regulators of bone remodeling
	Leptin's action on bone remodeling is mediated by brain serotonin signaling and the sympathetic nervous system
	Counterregulation of sympathetic nervous system control of bone remodeling by the parasympathetic nervous system and adipon ...
	Other regulators of sympathetic nervous system control of bone remodeling
	NeuromedinU
	Endocannabinoid signaling
	Orexin signaling

	Regulation of bone resorption by melanocortin receptor 4 and cocaine- and amphetamine-regulated transcript
	Y receptor signaling
	Brain-derived neurotrophic factor
	Interleukin-1


	Evidence of central/neuronal regulations of bone mass in human
	Leptin
	Adrenergic signaling
	Brain serotonin and neuromedinU
	Melanocortin receptor 4 and cocaine- and amphetamine-regulated transcript

	Neuropeptide Y, brain-derived neurotrophic factor, and cannabinoid receptor 2
	Conclusions and perspective
	References

	Section E: Other systemic hormones that influence bone metabolism

	35. Estrogens and progestins
	Estrogens and estrogen receptors
	Estrogen receptor mouse models
	Estrogens-from a clinical perspective
	Progestins and progesterone receptors in bone biology
	Summary and conclusions
	Conflict of Interest
	References

	36. Physiological actions of parathyroid hormone-related protein in epidermal, mammary, reproductive, and pancreatic tissues
	Introduction
	Skin
	Parathyroid hormone-related protein and its receptor expression
	Biochemistry of parathyroid hormone-related protein
	Function of parathyroid hormone-related protein
	Pathophysiology of parathyroid hormone-related protein

	Mammary gland
	Embryonic mammary development
	Adolescent mammary development
	Pregnancy and lactation
	Pathophysiology of parathyroid hormone-related protein in the mammary gland

	Reproductive tissues
	Parathyroid hormone-related protein and placental calcium transport
	Uterus and extraembryonic tissues
	Placenta and fetal membranes
	Implantation and early pregnancy
	Pathophysiology of parathyroid hormone-related protein in the placenta

	Summary
	Endocrine pancreas
	Parathyroid hormone-related protein and its receptors
	Regulation of parathyroid hormone-related protein and its receptors
	Biochemistry of parathyroid hormone-related protein
	Function of parathyroid hormone-related protein
	Pathophysiology of parathyroid hormone-related protein

	Conclusions
	Acknowledgments
	References

	37. The pharmacology of selective estrogen receptor modulators: past and present∗
	Introduction
	Selective estrogen receptor modulator mechanism
	Selective estrogen receptor modulator chemistry
	Selective estrogen receptor modulator pharmacology
	Skeletal system
	Preclinical studies
	Clinical studies

	Reproductive system
	Uterus
	Estrogen agonism in the uterus
	Estrogen antagonism in the uterus

	Mammary
	Other
	Ovarian effects
	Hormonal effects
	Vaginal effects


	Cardiovascular system
	Cardiovascular safety of selective estrogen receptor modulators
	Potential cardiovascular benefit of selective estrogen receptor modulators

	Central nervous system
	Central nervous system safety of selective estrogen receptor modulators
	Central nervous system efficacy of selective estrogen receptor modulators

	General safety profile and other pharmacological considerations
	Other safety
	Pharmacokinetics


	Future directions with selective estrogen receptor modulators
	Summary
	References

	38. Thyroid hormone and bone
	Introduction
	Intracellular mechanism of thyroid hormone action
	Nuclear actions of thyroid hormones
	Nongenomic actions of thyroid hormones
	Thyrotropin as an independent agent of bone metabolism

	Cellular effects of thyroid hormones on the bone
	Osteoblasts
	Osteoclasts
	Remodeling
	Chondrocytes

	In vivo responses of the skeleton to thyroid hormones: animal studies
	Hypothyroidism
	Hyperthyroidism

	Pathophysiological effects of altered thyroid hormone status in humans
	Hypothyroidism
	Subclinical hypothyroidism
	Hyperthyroidism
	Subclinical hyperthyroidism

	Overview and future directions
	References

	39. Basic and clinical aspects of glucocorticoid action in bone
	Introduction
	The physiological role of glucocorticoids in bone
	Glucocorticoid signaling and prereceptor metabolism
	Local glucocorticoid metabolism in bone
	Novel insights from targeted disruption of glucocorticoid signaling in bone
	Endogenous glucocorticoids promote osteoblastogenesis

	Glucocorticoid excess and the skeleton
	Pathogenesis of glucocorticoid-induced osteoporosis
	Glucocorticoid excess and its effects on osteoblast differentiation
	Glucocorticoids prevent osteoblast cell cycle progression
	Glucocorticoids induce osteoblast apoptosis
	Glucocorticoid excess and the osteocyte
	Glucocorticoid excess and the osteoclast
	Glucocorticoid excess and local glucocorticoid metabolism
	Indirect mechanisms for glucocorticoid-induced osteoporosis

	Glucocorticoid excess and systemic fuel metabolism
	Treatment of glucocorticoid-induced osteoporosis
	Assessment of the patient with glucocorticoid-induced osteoporosis
	Management of glucocorticoid-induced osteoporosis
	Bisphosphonates
	Denosumab
	Raloxifene
	Teriparatide
	Sex hormone replacement
	Timing and monitoring of therapy

	New and emerging therapies
	Selective glucocorticoid receptor activators
	Antisclerostin/DKK1

	Conclusions and future perspectives
	Acknowledgments
	References

	40. Diabetes and bone
	Introduction
	Effects of diabetes and insulin on endochondral bone growth
	Effects of insulin on growth plate cartilage in nondiabetic animal models and in vitro
	Skeletal growth in T1DM
	Animal models
	Children

	Effects of T1DM on bone
	T1DM and fracture risk
	T1DM and bone turnover
	Animal models of T1DM
	Clinical data

	T1DM, bone density, and bone structure
	Animal models of T1DM
	Clinical data

	T1DM and bone strength
	Animal models of T1DM
	Clinical data


	Effects of T2DM and insulin on bone
	T2DM and fractures
	T2DM and bone turnover
	Animal models of T2DM
	Clinical data

	T2DM, bone density, and bone structure
	Hyperinsulinemia, insulin resistance, and bone density
	Animal models of T2DM
	Clinical data

	T2DM and bone strength
	Animal models
	Humans



	Clinical risk factors for fractures in T1DM and T2DM
	Effect of diabetes treatments on bone
	Bone repair in T1DM and T2DM
	Bone and systemic metabolism: a two-way interaction?
	Metabolic control of glucose and insulin in bone
	Bone hormones control systemic metabolism

	What causes diabetic bone disease?
	The diabetic hormonal milieu
	Lower circulating insulin-like growth factor 1
	Hypercortisolism
	Calciotropic hormones
	Low amylin

	Impaired vascularization of diabetic bones
	Altered collagenous bone matrix
	Increased collagen glycosylation
	Reduced enzymatic collagen cross-linking

	Increased bone marrow adiposity
	Inflammation and oxidative stress
	Loss of incretin effect
	Sclerostin

	Treatment of bone fragility in diabetes
	General conclusions
	Acknowledgments
	References

	41. Androgen receptor expression and steroid action in bone
	Introduction
	Loss-of-function evidence from rare human variants
	Gain-of-function evidence from human trials
	Can we reliably measure androgen gain of function in bone health using end points such as bone mineral density?
	Gender-specific differences in bone geometry and architecture
	Gain-of-function studies with testosterone treatment and change in bone architecture
	Loss of function using genetically modified mice
	Role of estrogen receptor alpha in bone using genetically modified mice is equivocal
	Gain-of-function studies using selective androgen receptor modulators in sexually mature animal models
	The muscle-bone interface and its potential impact on bone strength
	Future prospects for androgens and male skeletal health
	References

	Section F: Local regulators

	42. Growth hormone, insulin-like growth factors, and IGF binding proteins
	Introduction
	Physiology of the GH/IGF/IGFBP system
	Growth hormone releasing hormone
	Growth hormone releasing hormone receptor
	Somatostatin
	Growth hormone
	Mechanism of growth hormone secretion
	Effects of gonadal status on the GH-IGF-I axis
	Effects of the GH/IGF-I/IGFBP system on the aging skeleton


	The IGF regulatory system and its relationship to the skeleton
	IGF-I, IGF-II, IGFBPs, and IGF receptors
	Insulin-like growth factor binding proteins
	Insulin-like growth factor binding protein proteases

	Growth hormone/IGF actions on the intact skeleton
	GH-IGF-I systemic effects on body size and longitudinal growth
	Growth hormone and IGF-I effects on modeling and remodeling
	Insulin-like growth factors, other transcription factors, and osteoblasts
	Insulin-like growth factors and osteoclasts
	Insulin-like growth factors and osteocytes
	Energy utilization by skeletal cells and the role of IGF-I

	Pathogenic role of GH/IGF/IGFBPs in osteoporosis
	Effects of growth hormone deficiency on bone metabolism
	Effects of growth hormone excess on bone mass and bone turnover
	Changes in the GH-IGF-I axis in patients with osteoporosis

	GH and IGF-I as treatments for skeletal disorders
	Growth hormone treatment for skeletal disorders
	Growth hormone treatment for children with insufficient GH secretion
	Growth hormone administration for healthy adults
	Growth hormone treatment for adult-onset GH deficiency
	Growth hormone administration to elderly men and women
	Growth hormone treatment for osteoporotic patients
	Insulin-like growth factor I for the treatment of osteoporosis
	Overview
	Murine studies
	Human studies of insulin-like growth factor I and bone mineral density
	Limitations to the clinical use of recombinant human insulin-like growth factor I


	Summary
	Acknowledgments
	References
	Further reading

	VOLUME 2

	43. The periodontium
	Introduction
	Periodontal stem/progenitor cells
	Other candidate periodontal stem/progenitor cells
	Hedgehog signaling in bone and periodontium
	Parathyroid hormone/parathyroid hormone-related protein role in long bones and periodontium
	Wnt signaling in the periodontium and the role of the sost gene
	Bmp2 gene function in the periodontium
	Key regulators of mineral metabolism and the periodontium
	Periodontal stem/progenitor regeneration and methods to control inflammation in periodontal disease
	Role and mechanism of the junctional epithelium in periodontium function
	Conclusion
	References

	44. Notch and its ligands
	Introduction
	Notch receptors
	Structure
	Function
	Regulatory mechanisms

	Notch cognate ligands
	Structure and function
	Regulatory mechanisms of notch ligands

	Mechanisms of Notch activation
	Generation of the Notch intracellular domain
	Formation of an active transcriptional complex
	Notch target genes

	Notch receptors and ligands in chondrocytes
	Role of Notch signaling in endochondral bone formation
	Mechanisms of notch action in endochondral bone formation

	Notch receptors and ligands in osteoblasts
	Role of notch signaling in osteoblasts
	Mechanisms of notch action in osteoblasts

	Notch receptors and ligands in osteocytes
	Role of Notch signaling in osteocytes
	Mechanisms of Notch action in osteocytes

	Notch receptors and ligands in osteoclasts
	Fracture repair and Notch signaling
	Congenital skeletal diseases caused by Notch loss of function
	Alagille syndrome
	Spondylocostal and spondylothoracic dysostosis
	Adams Oliver syndrome

	Congenital skeletal diseases caused by Notch gain of function
	Hajdu Cheney syndrome
	Lateral meningocele syndrome
	Brachydactyly

	Notch and skeletal malignancies
	Osteosarcoma
	Multiple myeloma
	Metastatic carcinoma of the breast and prostate

	Conclusions
	Abbreviations
	References

	45. Fibroblast growth factor (FGF) and FGF receptor families in bone
	Fibroblast growth factor production and regulation in bone
	Fibroblast growth factor receptor expression in bone
	Fibroblast growth factor and FGF receptor signaling
	Fibroblast growth factor and FGF receptor signaling in chondrogenesis
	Initiation of chondrogenesis
	Regulation of fibroblast growth factor receptor 3 expression
	Fibroblast growth factor receptor 3 signaling in growth plate chondrocytes
	Fibroblast growth factor receptor 1 signaling in hypertrophic chondrocytes

	Fibroblast growth factor receptors and chondrodysplasia syndromes
	Mutations in fibroblast growth factor receptor 3 and fibroblast growth factor 9
	Skeletal overgrowth and CATSHL syndrome

	Fibroblast growth factor and FGF receptor signaling in bone formation and repair
	Fibroblast growth factor and FGF receptor signaling in osteoblasts
	Fibroblast growth factor regulation of bone formation
	Fibroblast growth factor and FGF receptor signaling in bone repair

	Fibroblast growth factor and FGF receptor signaling in bone resorption
	Fibroblast growth factor receptors and craniosynostosis
	Skeletal phenotype
	Fibroblast growth factor receptor signaling in craniosynostosis
	Potential therapeutic approaches

	Conclusion
	Acknowledgments
	References
	Further reading

	46. Vascular endothelial growth factor and bone-vascular interactions
	Introduction
	Bone development and the skeletal vascular system
	Vascular endothelial growth factor, a crucial angiogenic factor
	Vascular endothelial growth factor and endochondral ossification
	Vascular endothelial growth factor during intramembranous bone formation
	Nonendothelial effects of vascular endothelial growth factor
	Vascular endothelial growth factor homologues
	Regulation of vascular endothelial growth factor expression by oxygen levels
	Therapeutic potential of vascular endothelial growth factor for bone repair
	Acknowledgments
	References

	47. Transforming growth factor-β and skeletal homeostasis1
	Transforming growth factor-βs as the molecular sensor in the extracellular matrix
	Latent transforming growth factor-βs in the extracellular matrix
	Activation of transforming growth factor-βs
	Proteolytic activation
	Activation by thrombospondin-1
	Activation by integrins
	Activation by osteoclasts
	Activation by reactive oxygen species

	Transforming growth factor-β signaling
	Canonical signaling pathways (smad-mediated signaling)
	Smad-independent signaling pathways

	Transforming growth factor-β signaling and cell reprogramming
	Transforming growth factor-β signaling in mesenchymal stem cells

	Transforming growth factor-β signaling and bone remodeling
	Transforming growth factor-β as the coupler of bone resorption and formation
	Parathyroid hormone as an endocrine regulator of skeletal transforming growth factor-β signaling

	Musculoskeletal pathologies associated with aberrant transforming growth factor-β signaling
	Osteoarthritis associated with aberrant activation of transforming growth factor-β signaling in the subchondral bone
	Musculoskeletal disorders associated with genetic mutations in transforming growth factor-β signaling components
	Skeletal metastases of cancer associated with bone matrix-derived transforming growth factor-β

	Transforming growth factor-β modulation as a promising approach to the management of osteoarthritis
	Summary
	References

	48. Bone morphogenetic proteins
	Introduction
	Canonical bone morphogenetic protein signaling
	Diversity of the ligand and receptor environment
	Multiple receptors on bone cells
	Combinatorial signals
	Antagonizing bone morphogenetic protein signaling
	Pathway cross talk in bone
	Therapeutics and bone diseases
	Fracture repair and periosteum
	Osteoporosis
	Osteoarthritis and articular cartilage maintenance
	Conclusions
	References

	49. Extraskeletal effects of RANK ligand
	The role of RANKL in mammary gland development and tumorigenesis
	RANKL in the lactating mammary gland
	RANKL in breast cancer development and metastasis

	The role of RANKL in other malignancies
	Functions of RANKL in immune and thermal regulation
	Immune system development and thermoregulation
	Inflammation, autoimmunity, and antitumor effects

	References

	50. Local regulators of bone: Interleukin-1, tumor necrosis factor, interferons, the IL-6 family, and additional cytokines
	Introduction
	Interleukin-1
	Tumor necrosis factor
	Additional tumor necrosis factor superfamily members
	Fas-ligand
	Tumor necrosis factor-related apoptosis-inducing ligand
	Cluster of differentiation 40 ligand

	Interferons
	Interleukin-7
	Interleukin-10
	Interleukin-12
	Interleukin-15
	Interleukin-17
	Interleukin-23
	Interleukin-18 and interleukin-33
	Interleukin-4, interleukin-13, and interleukin-32
	Macrophage migration inhibitory factor
	The interleukin-6 cytokine family
	Interleukin-6
	Interleukin-11
	Oncostatin M
	Other leukemia inhibitory factor receptor-binding cytokines
	Leukemia inhibitory factor
	Cardiotrophin 1
	Cytokines that complex with ciliary neurotrophic factor receptor
	Ciliary neurotrophic factor
	Cardiotrophin-like cytokine factor 1 and cytokine receptor-like factor 1
	Neuropoietin


	IL-27Rα-binding cytokines
	Effects of global, cell-specific, and pathway-specific gp130 modulation
	Insights from mice and a patient with gp130 signaling mutations
	Contributions of gp130 in the osteoblast lineage to bone structure and parathyroid hormone anabolic action
	Contribution of gp130 in osteoclasts to bone physiology
	The contributions of intracellular negative feedback through suppressor-of-cytokine-signaling proteins

	References

	51. Prostaglandins and bone metabolism
	Introduction
	Prostaglandin production
	Eicosanoids
	Mobilization of arachidonic acid
	Two isoforms for prostaglandin G/H synthase (cyclooxygenase)
	Prostaglandin E2 synthases

	Prostaglandin E2 receptors
	Prostaglandin E2: role in bone formation and resorption
	Production in bone and osteoblastic cultures
	Prostaglandin E2 and bone formation
	Prostaglandin E2 receptors and bone formation
	Prostaglandin E2 and bone resorption
	Prostaglandin E2 receptors and bone resorption

	Inducible cyclooxygenase knockout mice
	Basal skeletal phenotype

	Inducible cyclooxygenase modulation of the effects of parathyroid hormone
	Inducible cyclooxygenase knockout mice and parathyroid hormone
	An inducible cyclooxygenase-dependent inhibitor of the anabolic effects of continuous parathyroid hormone

	Prostaglandin E2 and bone physiology
	Mechanical loading of bone
	Fracture and wound healing
	Skeletal response to nonsteroidal antiinflammatory drugs

	Summary
	Acknowledgments
	References

	Part II: Molecular mechanisms of metabolic bone disease

	52. The molecular actions of parathyroid hormone/parathyroid hormone-related protein receptor type 1 and their implications
	Introduction
	Parathyroid hormone/parathyroid hormone-related protein receptor type 1 and its ligands
	Gαs/adenylyl cyclase/protein kinase A signaling
	Gq/11/phospholipase C/protein kinase C signaling
	Coupling to other G-proteins
	Gα12/13-phospholipase-transforming protein RhoA pathway
	Gαi/o pathway

	Extracellular signal-related 1/2-mitogen-activated protein kinase pathway

	Sodium/hydrogen exchanger regulatory factors
	Parathyroid hormone actions in kidney
	Control of 1,25-(OH)2-vitamin D synthesis by CYP27B1 expression
	Parathyroid hormone-mediated control of proximal tubule phosphate handling
	Parathyroid hormone-mediated control of distal tubule calcium reabsorption

	Skeletal parathyroid hormone actions: Focusing on osteocytes
	Signaling mechanisms controlling parathyroid hormone-induced nuclear factor kappa-B ligand expression
	Sclerostin: a parathyroid hormone-suppressed osteocyte-derived osteoblast inhibitor
	Additional parathyroid hormone/parathyroid hormone-related protein receptor type 1 actions in osteocytes

	Summary
	References

	53. Multiple endocrine neoplasia type 1
	Introduction
	Primary hyperparathyroidism
	Gastroenteropancreatic neuroendocrine tumors
	Gastrinoma
	Insulinoma
	Glucagonoma
	VIPoma
	Somatostatinoma
	Nonfunctioning neuroendocrine tumors of the gastroenteropancreatic tract

	Anterior pituitary tumors
	Thymic and bronchial neuroendocrine tumors
	Genetics and molecular biology of multiple endocrine neoplasia type 1
	References

	54. Parathyroid hormone-related peptide and other mediators of skeletal manifestations of malignancy
	Introduction
	Characterization of hypercalcemia in malignancy
	Molecular and cellular biology of PTH-related protein
	Purification and cloning of PTH-related protein
	Characteristics of the gene encoding PTH-related protein
	Eutopic PTH-related protein overproduction in malignancy
	Transcriptional and posttranscriptional regulation
	Transcriptional regulators of PTH-related protein
	Viral proteins
	Growth factors and hormone regulation of PTH-related protein production

	Processing and degradation of PTH-related protein


	Mechanisms of action of PTH-related protein
	Interaction of amino-terminal PTH-related protein with cell surface receptors
	Functions of carboxyl and midregion circulating fragments of PTH-related protein
	Intracellular mechanism of PTH-related protein action

	PTH-related protein actions to produce the manifestations of humoral hypercalcemia of malignancy
	Actions in kidney
	Actions in bone

	Effect of PTH-related protein on tumor progression and survival
	Detection of PTH-related protein produced by tumors
	Circulating levels of PTH-related protein
	PTH-related protein in tumor tissue

	Relationship of PTH-related protein-producing tumors with the bone microenvironment
	Resistance to antiresorptive agents in malignancy-associated hypercalcemia caused by PTH-related protein
	Experimental approaches to controlling overproduction or overactivity of PTH-related protein in malignancy-associated hyper ...
	Treatment of local osteolysis

	Hypercalcemia caused by other systemic and local factors produced by neoplastic cells
	Cytokines and humoral hypercalcemia of malignancy
	Cytokines and local osteolysis
	1,25-Dihydroxyvitamin D (1,25(OH)2D) and humoral hypercalcemia of malignancy
	Parathyroid hormone and humoral hypercalcemia of malignancy

	References
	Further Reading

	55. Localized osteolysis
	Introduction
	Osteotropism
	Adhesion and invasion into bone metastatic niches
	Tumor dormancy and awakening
	Cancer-induced bone disease
	Breast cancer
	Prostate cancer
	Other skeletal malignancies

	Contribution of the bone microenvironment to bone lesion progression
	Myeloid cells
	Macrophages
	T cells
	Osteoblasts
	Osteocytes
	Bone marrow fibroblasts
	Adipocytes
	Sympathetic and parasympathetic nerve system signaling
	Physical microenvironment
	Hypoxia and alteration of cancer cell metabolism

	Conclusion
	References

	56. Genetic regulation of parathyroid gland development
	Complex syndromes associated with hypoparathyroidism
	DiGeorge syndrome
	Clinical features and genetic abnormalities
	Mouse models developing features of DiGeorge syndrome reveal roles of Hox and Pax genes in parathyroid and thymus development

	Hypoparathyroidism, deafness, and renal anomalies syndrome
	Clinical features and role of GATA3 mutations
	Phenotype of the GATA3 knockout mouse model
	Role of GATA3 in developmental pathogenesis

	Kenny-Caffey and Sanjad-Sakati syndromes
	Additional familial syndromes
	Mitochondrial disorders associated with hypoparathyroidism
	Pluriglandular autoimmune hypoparathyroidism
	Isolated hypoparathyroidism
	Parathyroid hormone gene abnormalities
	Parathyroid hormone gene structure and function
	Autosomal dominant hypoparathyroidism
	Autosomal recessive hypoparathyroidism
	Glial cells missing homolog 2 gene abnormalities

	X-linked recessive hypoparathyroidism
	Autosomal dominant hypocalcemia
	Calcium-sensing receptor and Gα11

	Autosomal dominant hypocalcemia type 1
	Autosomal dominant hypocalcemia type 2
	Mouse models for autosomal dominant hypocalcemia types 1 and 2
	Conclusions
	Acknowledgments
	References

	57. Genetic disorders caused by mutations in the parathyroid hormone/parathyroid hormone-related peptide receptor, its ligands, ...
	Introduction
	The parathyroid hormone/parathyroid hormone-related peptide receptor system
	Parathyroid hormone
	Parathyroid hormone-related peptide
	The parathyroid hormone/parathyroid hormone-related peptide receptor and its role in endochondral bone formation

	Human disorders caused by mutations in the parathyroid hormone/parathyroid hormone-related peptide signaling pathway
	Parathyroid hormone, glial cells missing 2, and GNA11 mutations
	Parathyroid hormone-like peptide mutations
	Parathyroid hormone/parathyroid hormone-related peptide receptor mutations
	Jansen's metaphyseal chondrodysplasia
	Jansen's disease is caused by activating parathyroid hormone/parathyroid hormone-related peptide receptor mutations

	Blomstrand's lethal chondrodysplasia
	Blomstrand's disease is caused by inactivating parathyroid hormone/parathyroid hormone-related peptide receptor mutations

	Eiken familial skeletal dysplasia
	Enchondromatosis (Ollier's disease)
	Delayed tooth eruption due to parathyroid hormone/parathyroid hormone-related peptide receptor mutations


	Mutations in genes downstream of the parathyroid hormone/parathyroid hormone-related peptide receptor
	GNAS mutations
	Protein kinase type 1A regulatory subunit protein mutations
	Phosphodiesterase 4D mutations
	Phosphodiesterase 3A mutations
	Histone deacetylase 4-mutations

	Conclusions
	References

	58. Molecular basis of parathyroid hormone overexpression
	Introduction
	Molecular oncology
	Clonality of parathyroid tumors
	Genetic derangements in benign parathyroid tumors
	Cyclin D1/PRAD1
	Tumor-suppressor genes: multiple endocrine neoplasia type 1 and cyclin-dependent kinase inhibitors
	Candidate oncogenes and tumor-suppressor genes
	Further genetic aspects
	Calcium-sensing receptor and associated proteins
	Familial hypocalciuric hypercalcemia
	Hyperparathyroidism-jaw tumor syndrome
	Familial isolated hyperparathyroidism

	Molecular pathogenesis of parathyroid carcinoma
	Ectopic secretion of parathyroid hormone
	References

	59. Diseases resulting from defects in the G protein Gsα
	Overview
	Gsα structure and function
	The Gsα Gene GNAS
	Albright hereditary osteodystrophy
	Clinical presentation
	Molecular genetics
	Diagnosis and management
	Pathogenesis

	Progressive osseous heteroplasia
	Clinical features
	Genetics
	Pathogenesis

	Pseudohypoparathyroidism type IB
	Clinical features
	Genetics
	Pathogenesis

	Fibrous dysplasia of bone and the McCune-Albright syndrome
	Clinical features
	Genetics
	Pathogenesis
	Diagnosis and management

	References

	60. Renal osteodystrophy and chronic kidney disease-mineral bone disorder
	Introduction to chronic kidney disease
	Chronic kidney disease-mineral bone disorder
	CKD-MBD: biochemical abnormalities
	CKD-MBD: vascular calcification
	CKD-MBD: bone abnormalities
	Historical classification
	TMV classification system
	The spectrum of renal osteodystrophy in CKD


	Pathogenesis of abnormal bone
	Parathyroid hormone and decreased 1,25(OH)2D3
	Abnormalities in the fibroblast growth factor-23-klotho pathway
	Disordered osteoblast function or differentiation
	Impaired Wnt signaling
	Transforming growth factor β family abnormalities
	Abnormalities of bone collagen

	Diagnostic tests for abnormal bone in CKD
	Bone density and the fracture risk assessment tool
	Bone quality imaging: TBS, QCT, HR-pQCT, and micro-MRI
	Calciotropic hormones and bone turnover markers

	Conclusion
	References

	61. Osteogenesis imperfecta
	Introduction
	Clinical classification
	Severe-deforming osteogenesis imperfecta
	Mild nondeforming osteogenesis imperfecta

	Molecular classification
	Primary mutations within type I collagen genes A1 and A2
	Mutation of genes that modify the synthesis of type I collagen chains
	Mutations that control the level of differentiation of osteoblasts
	Mutation of genes that regulate the maturation of secreted procollagen into collagen fibril

	Pathophysiology of osteogenesis imperfecta
	Osteogenesis imperfecta secondary to production of an abnormal collagen molecule
	Osteogenesis imperfecta due to underproduction of a normal type I collagen molecule

	Therapeutic options
	Antiresorptive agents
	Anti-TGFß and anti-activin agents
	Anabolic agents
	Cell and gene-therapy options
	Use of induced pluripotential stem cells as a diagnostic tool

	References
	Further reading

	62. Hereditary deficiencies in vitamin D action
	Introduction
	Clinical features of rickets and osteomalacia
	Hereditary vitamin D-dependent rickets
	Hereditary vitamin D-dependent rickets type A
	Hereditary vitamin D-dependent rickets type B
	Hereditary vitamin D-dependent rickets type C
	Diagnosis and treatment

	Hereditary defects in the vitamin D receptor-effector system, or hereditary calcitriol-resistant rickets
	Introduction
	Clinical and biochemical features
	General features
	Ectodermal anomalies
	Vitamin D metabolism
	Mode of inheritance

	Cellular and molecular defects
	Methods
	Types of defects

	Defects in the hormone-binding region (including heterodimerization)
	Deficient hormone binding
	Deficient nuclear uptake

	Defects in the DNA-binding region
	In vitro posttranscriptional and transcriptional effects of 1,25(OH)2D3
	Cellular defects and clinical features

	Diagnosis
	Treatment
	Animal models
	Concluding remarks
	References
	Further reading

	63. Fibroblast growth factor 23
	Identification of fibroblast growth factor 23
	Actions of fibroblast growth factor 23
	Regulation of fibroblast growth factor 23 level
	A receptor for fibroblast growth factor 23
	Hypophosphatemic diseases caused by excessive actions of fibroblast growth factor 23
	Autosomal dominant hypophosphatemic rickets
	X-linked hypophosphatemic rickets
	Autosomal recessive hypophosphatemic rickets
	Other hypophosphatemic diseases with known genetic causes
	Acquired fibroblast growth factor 23-related hypophosphatemic disease
	Treatment of fibroblast growth factor 23-related hypophosphatemic diseases

	Hyperphosphatemic diseases caused by impaired actions of fibroblast growth factor 23 (Table 63.1)
	Treatment of hyperphosphatemic familial tumoral calcinosis
	Fibroblast growth factor 23 and chronic kidney disease-mineral and bone disorder

	References

	64. Tumor-induced osteomalacia
	Background
	Phosphaturic mesenchymal tumors
	Clinical presentation and diagnosis
	Tumor localization
	Treatment
	Surgical treatment
	Minimally invasive treatment
	Conventional medical treatment

	Future directions
	References

	65. Osteopetrosis
	Introduction
	Clinical features
	Radiographic features
	Genetic features
	Current therapies
	Future therapeutic scenarios
	Conclusions
	Acknowledgments
	References

	66. Hypophosphatasia: nature's window on alkaline phosphatase function in humans
	Introduction
	History and proposed physiological roles of alkaline phosphatase
	Genomic structure, protein chemistry, and enzymology of alkaline phosphatase
	Hypophosphatasia
	History
	Clinical features
	Perinatal hypophosphatasia
	Infantile hypophosphatasia
	Childhood hypophosphatasia
	Adult hypophosphatasia
	Odontohypophosphatasia
	Pseudohypophosphatasia
	Benign prenatal hypophosphatasia
	Laboratory diagnosis
	Biochemical findings
	Mineral homeostasis
	Phosphoethanolamine
	Pyridoxal 5′-phosphate
	Inorganic pyrophosphate
	Radiographic findings
	Histopathological findings

	Skeleton
	Dentition

	Biochemical and genetic defects
	Tissue-nonspecific alkaline phosphatase deficiency
	Inheritance
	ALPL gene defects
	ALPL structural defects


	Prognosis
	Treatment
	Supportive
	Medical

	Prenatal diagnosis

	Physiological role of alkaline phosphatase explored in hypophosphatasia
	Tissue-nonspecific alkaline phosphatase substrates
	Phosphoethanolamine
	Pyridoxal 5′-phosphate
	Inorganic pyrophosphate
	Circulating tissue-nonspecific alkaline phosphatase
	Hypophosphatasia fibroblast studies
	Alpl knockout animals

	Asfotase alfa treatment for hypophosphatasia
	Summary and conclusions
	Acknowledgments
	References

	67. Paget's disease of bone
	The patient
	Radiology and nuclear medicine
	Histopathology
	Biochemistry
	Treatment of Paget's disease
	Evidence for the presence of paramyxoviruses in Paget's disease
	Cellular and molecular biology of Paget's disease
	Genetic mutations linked to Paget's disease
	The etiology of Paget's disease
	References
	Further reading

	68. Genetic determinants of bone mass and osteoporotic fracture
	Introduction
	Genome-wide association studies
	Follow-up of genome-wide association studies
	Functional annotations
	Expression quantitative trait loci in human bone tissue and cells
	Cell/tissue types targeted by genome-wide association study loci for bone mineral density and osteoporotic fractures
	Informing genome-wide association studies using biological knowledge and networks
	Knockout animal models for functional analysis

	Genome-wide association studies for bone traits in mice
	Resources and the application of genome-wide association studies for skeletal traits in mice
	Inbred strains
	Hybrid mouse diversity panel
	Collaborative cross and diversity outbred
	Advantages of genome-wide association studies in mice


	Identifying less common and rare variants associated with bone-relevant phenotypes via next generation sequencing
	Future directions
	References

	Part III: Pharmacological mechanisms of therapeutics

	69. Pharmacologic mechanisms of therapeutics: parathyroid hormone
	Introduction
	Physiology of parathyroid hormone
	Pharmacokinetic mechanism: effects of ligand exposure
	Molecular mechanisms: ligand selectivity for receptor conformational state

	Cellular mechanisms: Indirect effect on osteoclasts, and direct effects on osteoblast and osteocytes
	Use of osteoanabolic agents in osteoporosis
	Teriparatide
	Abaloparatide

	Use of parathyroid hormone in hypoparathyroidism
	Recombinant human PTH (1-84)

	References

	70. Calcium
	Introduction
	Bone as the body's calcium sink and reserve
	Calcium in bone
	The calcium requirement
	What the requirement ensures
	The physiological adaptations to a low calcium intake
	Defining the calcium requirement
	Achieving the calcium requirement: dietary sources
	Nutritional factors influencing the calcium requirement
	Toxicity

	Calcium and osteoporosis treatment
	Calcium supplementation and bone health
	Calcium supplementation and cardiovascular risk

	Summary
	References
	Further Reading

	71. Drugs acting on the calcium receptor: calcimimetics and calcilytics
	Introduction
	Primary hyperparathyroidism
	Other hypercalcemic disorders
	Secondary hyperparathyroidism
	Cinacalcet
	Calciotropic end points
	Skeletal end points
	Cardiovascular end points
	Evocalcet
	Etelcalcetide

	Calcilytics
	Osteoporosis
	Repurposing calcilytics for new indications
	Hypoparathyroidism
	Pulmonary indications


	Conclusion
	References

	72. Clinical and translational pharmacology of bisphosphonates
	Introduction
	Mechanisms of action
	Therapeutic
	Side effects
	Mathematical pharmacodynamic (PD) models of BPs

	Pharmacokinetics (PK)
	Mathematical pharmacokinetic (PK) and pharmacokinetic-pharmacodynamic (PK-PD) models of BPs

	Applications of the clinical and translational pharmacology of BPs
	Conclusions
	References

	73. Pharmacological mechanisms of therapeutics: receptor activator of nuclear factor-kappa B ligand inhibition
	History of osteoprotegerin/receptor activator of nuclear factor-kappa B ligand-based drug development
	Physiologic mechanisms and effects of receptor activator of nuclear factor-kappa B ligand inhibitors in bone
	Clinical studies demonstrating the effects of denosumab (Table 73.1)
	Osteoporosis indications
	Postmenopausal osteoporosis
	Male osteoporosis
	Use of denosumab in combination/sequence with other osteoporosis agents

	Cancer indications
	Denosumab for cancer treatment-induced bone loss
	Androgen deprivation in men with prostate cancer
	Aromatase inhibitors in women with breast cancer

	Treatment of hypercalcemia of malignancy refractory to bisphosphonate therapy
	Breast cancer
	Prostate cancer
	Other solid tumors
	Multiple myeloma
	Giant cell tumors

	Denosumab for the treatment of metastatic bone disease, multiple myeloma, and giant cell tumors

	Additional denosumab data
	Glucocorticoid-induced osteoporosis
	Rheumatoid arthritis
	Other potential applications


	Denosumab safety
	Hypocalcemia
	Osteonecrosis of the jaw
	Atypical femoral fractures
	Denosumab discontinuation: effects on bone turnover, bone mass, and fracture risk
	Hypersensitivity, serious infections, and musculoskeletal pain
	Use in women of reproductive age
	Theoretical impact of receptor activator of nuclear factor-kappa B ligand inhibition on insulin resistance and vascular cal ...

	Summary
	References

	74. Pharmacologic basis of sclerostin inhibition
	Introduction
	Sclerostin biology and biochemistry
	Human monogenic high bone mass conditions related to sclerostin: sclerosteosis and van Buchem disease
	Expression of sclerostin protein
	Structure and functional domains of sclerostin
	Sclerostin mechanism of action in the skeleton
	Sclerostin interaction with LRP4/5/6
	Sclerostin inhibition of the canonical Wnt signaling pathway
	Sclerostin effects on mesenchymal stem cells

	Genetic manipulation of sclerostin expression in mice: SOST knockout and overexpression

	Antibodies to neutralize sclerostin (Scl-Ab)
	Pharmacologic inhibition of sclerostin by Scl-Ab: cell-level effects
	Osteoblast lineage
	Osteoclast lineage

	Pharmacologic inhibition of sclerostin by Scl-Ab in vivo
	Effects of Scl-Ab in animal models of postmenopausal osteoporosis
	Action of Scl-Ab on modeling- and remodeling-based bone formation
	Effects of Scl-Ab on bone mass and structure
	Effects of Scl-Ab on bone strength and quality


	Probing Scl-Ab treatment regimens in preclinical models of osteoporosis
	Effects of Scl-Ab in other animal models of low bone mass
	Pharmacologic inhibition of sclerostin by Scl-Ab in humans

	Summary
	Abbreviations
	Acknowledgments
	References

	75. Vitamin D and its analogs
	Introduction
	Pharmacologically important vitamin D compounds
	Vitamin D and its natural metabolites
	Vitamin D prodrugs
	Calcitriol analogs
	Miscellaneous vitamin D analogs and associated drugs

	Clinical applications of vitamin D compounds
	Secondary hyperparathyroidism
	Hyperproliferative conditions: psoriasis and cancer

	Criteria that influence pharmacological effects of vitamin D compounds
	Activating enzymes
	Vitamin D-binding protein
	Vitamin D receptor/retinoid X receptor/vitamin D response element interactions
	Target cell catabolic enzymes
	Hepatic clearance or nonspecific metabolism

	The potential role of gene targets and the unique features of their regulation as major determinants of analog action
	Proposed molecular mechanisms of action of vitamin D compounds
	Future prospects
	Acknowledgments
	References

	76. Mechanisms of exercise effects on bone quantity and quality
	Introduction
	Bone's sensitivity to mechanical signals
	Bone's mechanical milieu elicited by physical activity
	Strains in bone
	Locomotion induces a nonuniform strain environment
	The influence of muscle on bone's strain environment

	Regulation of bone morphology by mechanical stimuli
	Toward identifying the osteogenic parameters of the strain milieu
	Strain magnitude
	Differential bone remodeling to distinct components of the strain tensor
	Strain rate
	Cycle number
	Strain distribution
	Strain gradient
	Fluid flow

	Low-magnitude, high-frequency mechanical signals
	Low-level mechanical signals increase bone quantity and strength
	Low-level mechanical signals normalize bone formation
	Vibrations can decrease resorptive activity
	Genetic variations modulate bone's response to mechanical signals
	Inhibition of postmenopausal bone loss by low-level vibrations
	Low-level mechanical signals mitigate bone loss due to cancer
	Low-level mechanical signals are anabolic to the musculoskeletal system
	How can bone sense a signal so small?

	Biochemical modulation of mechanical signals
	Which cells sense the stimulus?
	Bone marrow mesenchymal stem cells
	Osteoblasts
	Osteoclasts
	Osteocytes
	Bone marrow vasculature

	Mechanoreceptors in bone cells
	Integrins and integrin-associated proteins
	Connexins
	Channels
	Membrane structure
	Primary cilium
	Nuclear connectivity

	Mechanically activated intracellular signaling
	MAPK signaling
	Activation of Wnt/catenin signals
	Nitric oxide signaling
	Prostaglandins


	Summary
	Acknowledgments
	References

	Part IV: Methods in bone research

	77. Application of genetically modified animals in bone research
	Introduction
	Large-scale phenotyping resources and repositories
	Overexpression approaches to assess gene function in skeletal tissues
	Tendon and ligament
	Chondrocytes
	Osteoblasts/osteocytes
	Osteoclasts
	Transgenic mouse reporters of signaling pathways
	Gene targeting
	Advantages and disadvantages of conventional gene deletion
	Conditional loss-of-function approaches
	Uncondensed mesenchyme and precartilage condensations
	Chondrocytes
	Osteoprogenitors/osteoblasts/osteocytes
	Osteoclasts

	Lineage tracing and overexpression tools of the Rosa26 locus
	Lineage tracing
	Overexpression using the Rosa26 locus

	Genomic engineering using CRISPR/Cas9
	Conclusions
	Acknowledgments
	References

	78. Bone turnover markers
	Introduction
	Established biochemical markers of bone metabolism
	Novel biological markers of bone metabolism
	Periostin
	Circulating periostin as a potential clinical biomarker

	Receptor activator of NF-kB ligand and osteoprotegerin
	Dickkopf-related protein 1
	Sphingosine-1-phosphate
	Sclerostin
	Fibroblast growth factor 23 and klotho
	Proteomic signature
	Metabolomic signature
	MicroRNAs

	Variability of biochemical markers of bone turnover
	Reference ranges
	Clinical uses of bone markers in osteoporosis
	Diagnosis of osteoporosis and prognosis of bone loss
	Prediction of fracture risk
	Predicting and monitoring treatment efficacy

	Monitoring side effects of osteoporosis therapies
	Treatment holiday monitoring
	Diagnosis and monitoring of treatment in Paget's disease of bone
	Bone turnover markers for rare bone diseases
	Fibrous dysplasia
	Hypophosphatasia
	Fibrodysplasia ossificans progressiva (FOP)
	Osteogenesis imperfecta
	X-linked hypophosphatemia

	Bone turnover markers in metastatic bone disease
	Multiple myeloma
	Metastatic bone disease from solid tumors

	Bone turnover markers for the development of bone drugs
	Bisphosphonates
	Osteoporosis
	Metastatic bone disease

	Denosumab
	Cathepsin K inhibitors
	Overall antiresorptive treatment
	Anabolic agents
	Dual-action drugs such as romosozumab
	The challenge for new drugs with new mechanisms of action

	Bone turnover markers to assess skeletal safety of new drugs
	References

	79. Microimaging
	Introduction
	In vitro microimaging
	Hierarchical imaging of bone microarchitecture
	Biomechanical imaging of bone competence

	Quantitative image processing
	Filtration and segmentation
	Quantitative morphometry
	Finite element analysis

	In vivo microimaging
	In vivo animal microimaging
	Radiation considerations
	Reproducibility
	Dynamic morphometry

	In vivo human microimaging
	Clinical computed tomography
	Peripheral quantitative computed tomography
	High-resolution peripheral quantitative computed tomography
	Radiation dose
	Normative data
	Fracture prediction


	Summary
	References

	80. Macroimaging
	Introduction
	Radiography
	Standard DXA
	DXA technique
	Fracture prediction using areal bone mineral density
	Monitoring osteoporosis treatment with DXA
	Vertebral fracture assessment

	Computed tomography
	Standard quantitative computed tomography to assess bone mineral density
	Components of bone quality
	Cortical bone
	High-resolution computed tomography
	HR-pQCT

	Opportunistic screening

	DXA beyond bone mineral density
	Trabecular bone score
	Hip geometry, hip structure analysis, and finite element analysis
	Three-dimensional DXA

	Magnetic resonance imaging
	Trabecular structure
	Cortical water
	Bone marrow

	Quantitative muscle imaging
	Summary
	References

	81. Methods in lineage tracing
	Introduction
	Cre recombinase
	Reporters
	Experimental design for lineage tracing
	Effects of tamoxifen on bone
	Tet expression systems
	Intersectional strategies to identify cells
	Lineage tracing during embryonic development
	Postnatal lineage tracing
	Osteoblast-to-chondrocyte transition
	Lineage tracing following injury
	Lineage tracing in heterotopic ossification
	Conclusions
	References

	82. Bone histomorphometry in rodents
	Introduction
	Methodologies
	In vivo labeling
	Sample preparation
	Fixation
	Standard methylmethacrylate embedding
	Low temperature methylmethacrylate embedding
	Sectioning of plastic-embedded bone specimens
	Microtome sectioning
	Micromilled cross sections of cortical bone

	Cryoembedding and cryosectioning
	Staining
	Von Kossa/MacNeal's stain
	Toluidine blue stain
	Masson-Goldner stain
	Cement line stain
	Histochemical tartrate resistant acid phosphatase staining
	Staining of micromilled cross sections

	Cancellous bone histomorphometry
	Structural parameters
	Bone formation
	Bone mineralization
	Bone resorption
	Bone remodeling dynamics

	Cortical bone histomorphometry
	Histomorphometric measurement of longitudinal bone growth
	Microdamage measurement technique
	Histomorphometry of rodent models of bone healing

	Histomorphometry of bone loss rodent models
	Histomorphometry of pharmacological efficacy in rodents
	Conclusion
	References

	83. Bone strength testing in rodents
	Introduction
	Whole-bone mechanical testing
	Specimen preparation
	Standard three-point and four-point bending to failure
	Torsion to failure
	Compression testing
	Whole-bone testing in preclinical drug development
	Fracture toughness testing
	Finite element analysis

	Microscale and nanoscale bone material assessment
	Cyclic reference point indentation
	Nanoindentation

	Summary and discussion
	References

	84. Regulation of energy metabolism by bone-derived hormones
	Introduction
	Osteocalcin: a bone-derived hormone regulating glucose metabolism
	GPRC6A osteocalcin receptor in β cells
	Regulation of the endocrine function of osteocalcin by gamma-carboxylation
	Osteocalcin decarboxylation and activation during bone resorption
	Regulation of osteocalcin by the proprotein convertase furin
	A role for osteocalcin in adaptation to exercise
	Osteocalcin regulation of skeletal muscle energy metabolism during exercise
	Modulating adaptation to exercise through bone and skeletal muscle cross talk
	Bone as a regulator of appetite: the anorexigenic function of osteoblast-derived lipocalin-2
	Are there additional osteocalcin- or lipocalin-2-independent endocrine functions of bone?
	Concluding remarks
	Acknowledgments
	References

	Index for Volumes 1 and 2
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Back Cover

