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Abstract

Here we review studies identifying regulatory networks responsible for synovial, cartilaginous, 

and fibrous joint development. Synovial joints, characterized by the fluid-filled synovial space 

between the bones, are found in high-mobility regions and are the most common type of joint. 

Cartilaginous joints unite adjacent bones through either a hyaline cartilage or fibrocartilage 

intermediate. Fibrous joints, which include the cranial sutures, form a direct union between bones 

through fibrous connective tissue. We describe how the distinct morphologic and histogenic 

characteristics of these joint classes are established during embryonic development. Collectively, 

these studies reveal that despite the heterogeneity of joint strength and mobility, joint development 

throughout the skeleton utilizes common signaling networks via long-range morphogen gradients 

and direct cell-cell contact. This suggests that different joint types represent specialized variants of 

homologous developmental modules. Identifying the unifying aspects of the signaling networks 

between joint classes allows a more complete understanding of the signaling code for joint 

formation, which is critical to improving strategies for joint regeneration and repair.
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Introduction

Joints connect articulating elements of the vertebrate skeleton. While all joints share this 

role, their morphologic diversity produces a broad range of mechanical possibilities. The 

degree of strength and mobility is controlled by the composition of joint connective tissues, 

whereas the type and range of motion is conferred by joint shape. There are three major 

classes of joints: freely movable synovial joints, slightly movable cartilaginous joints, and 

immovable fibrous joints. The distinct morphologic and histogenic characteristics of each 

joint class are established during embryonic development. Despite this heterogeneity, joint 

development collectively utilizes common signaling mechanisms via long-range morphogen 

gradients and direct cell-cell contact. These signaling processes are critical to establish and 

maintain a transcriptional profile unique to the joint-forming compartment.
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Here we review studies that have identified the principal signaling pathways within the 

regulatory networks for synovial, cartilaginous, and fibrous joint development. In doing so, 

we reveal that these signaling pathways, as well as their hierarchical relationships, are 

reiteratively used across joint types. We discuss overlapping signaling architecture between 

distinct joint classes and discuss evidence that different joint types are homologous 

developmental modules that have undergone specialization. By identifying the unifying 

aspects of the signaling networks between joint classes, we hope to gain a more complete 

understanding of the signaling code for joint formation, which is a critical first step in 

unlocking the potential for joint regeneration and repair.

Signaling networks in joint development

1. Synovial joints

1.1 Synovial joint structure—Synovial joints, found in high-mobility regions such as 

the limbs and their girdles, are the most common and structurally variable of all the joint 

types. A distinguishing characteristic of a synovial joint is the fluid-filled cavity that 

separates the articulating surfaces of the bones. The jointed bones, which come in a variety 

of configurations, are composed of hyaline cartilage, a permanent avascular tissue that 

reduces joint friction through its secretion of hyaluronate and lubricin (Ray et al., 2015). The 

joint cavity is enclosed by the stratified structure of the joint capsule. Lining the inner 

surface is a thin synovial membrane that secretes synovial fluid to lubricate the joint. The 

capsule’s outer layer of dense fibrous connective tissue is fastened into the boney epiphyses 

to structurally support the articulation. In most joints, the fibrous layer is locally thickened 

into the capsular ligament, which in some cases may be replaced by tendon. Frequently, the 

capsular tissue invades the synovial joint cavity, dividing it completely or incompletely, as a 

fibrocartilage articular disc or meniscus, respectively. Further structural support for the joint 

capsule is provided by accessory ligaments, which can lie inside or outside the capsule and 

prevent damage from overextension.

1.2 Signals in synovial joint development—The first morphological sign of synovial 

joint development is the emergence of the interzone, a dense population of pre-chondrogenic 

mesenchyme that lies between adjacent cartilaginous anlagen (Pitsillides and Ashhurst, 

2008). Early studies demonstrated that removal of the interzone leads to fusion of 

articulating skeletal elements, indicating its necessity for joint formation (Holder, 1977). The 

interzone is composed of three layers: two dense outer layers of round cells separated by an 

inner layer of flattened cells. Light and electron microscopic analyses suggest that the outer 

layers contribute to the growing long bone epiphyses while the inner layer forms the 

articular surfaces (Ito and Kida, 2000). Taken together, the evidence indicates that the 

interzone cells are a population of joint progenitor cells critical for forming multiple tissues 

of the mature joint.

1.2.1 Bmp: Gdf5, a member of the BMP family of secreted factors, is one of the earliest 

known markers for the presumptive interzone and is an autonomous regulator of synovial 

joint development. Gdf5 expression is initially limited to the site of the future joint prior to 

the emergence of the interzone (Storm and Kingsley, 1996; Francis-West et al., 1999a). 
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Lineage tracing of Gdf5+ cells demonstrates their contribution to the epiphysis, articular 

cartilage, joint capsule, and intra-articular ligaments (Rountree et al., 2004; Koyama et al., 

2007; Koyama et al., 2008). Mice null for Gdf5 exhibit abnormalities in the synovial joints 

of the limb, with partial or complete fusion of the jointed bones (Storm and Kingsley, 1996; 

Storm and Kingsley, 1999). While Gdf5 is expressed in nearly all synovial joints of the 

appendicular skeleton, some joints remain unaffected in the limbs of Gdf5 null mice. This is 

likely due to functional redundancy with Gdf6 and Gdf7, fellow Bmp family members with 

joint-specific expression and a high degree of homology to Gdf5 (Wolfman et al., 1997; 

Settle et al., 2003). Mice null for both Gdf5 and Gdf6 exhibit more extensive joint fusions 

not seen in the individual mutants, suggesting functional redundancy of these genes in joint 

development (Settle et al., 2003).

While Gdf5 is required for synovial joint development, it is not sufficient to induce 

formation of an ectopic joint. Instead, treatment of developing limbs with recombinant 

Gdf5-soaked beads promotes cartilage growth (Storm and Kingsley, 1999). Additionally, 

Gdf5 overexpression in chicks and mice expands the epiphyses, lengthens the bone, and 

ablates the joint (Francis-West et al., 1999a; Tsumaki et al., 2002). It is interesting that both 

too much and too little Gdf5 signaling result in joint loss. That the developing synovial joint 

is exquisitely sensitive to gradients of Bmp signaling is also supported by the dynamic 

expression patterns of Bmp pathway components. Bmp2 is co-expressed with Gdf5 after the 

interzone is established (Francis-West et al., 1999b; Seemann et al., 2005). Bmp inhibitors 

Noggin and Chordin are expressed in the early interzone, with Noggin later being regionally 

restricted to the epiphysis several layers from the interzone (Francis-West et al., 1999b; 

Seemann et al., 2005; Ray et al., 2015). Cells between the Chordin-expressing interzone and 

the Noggin-expressing region of the epiphysis are responsive to the pro-chondrogenic signal 

from Bmp and form the articular cartilage (Ray et al., 2015). Increasing the zone of Bmp 

signaling through Noggin inactivation or ectopic activation of Bmp receptors Bmpr1b and 

Acrv1/Alk2 leads to mis-differentiation of the interzone and articular cartilage into growth 

plate-like cartilage (Zou et al., 1997; Brunet et al., 1998; Agarwal et al., 2015; Ray et al., 

2015).

While it is largely accepted that Gdf5 expression marks joint progenitor cells, the source of 

these progenitor cells has been debated. It was initially thought that all joint progenitor cells 

were specified in a single early event and originated in the interzone. However, evidence 

suggests that cells from outside the interzone also contribute to the developing joint. Lineage 

tracing in avian embryos with DiI shows mesenchymal cells adjacent to the interzone 

migrating into the developing synovial joint (Pacifici et al., 2005). Genetic lineage tracing in 

mice shows that Col2a1+ cells within the pre-chondrogenic anlagen give rise to the 

interzone and subsequently the articular cartilage, ligaments, and medial meniscus. 

However, Col2a1- cells from outside the anlagen later contribute to the lateral meniscus 

(Hyde et al., 2008).

During early joint development there is a significant increase in the cellularity of the 

interzone; however, the Gdf5+ cells in the interzone proliferate at a very slow rate (Ray et 

al., 2015). Lineage tracing of Col2a1+ cells showed a zone of proliferative cells at the distal 

ends of the cartilage anlagen contributing to the growth of the interzone and articular 
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cartilage. The notion that joint progenitor cells are indeed derived from multiple origins is 

further substantiated in another recent study. Transient labeling of Gdf5+ cells at distinct 

time points during joint development identifies a continuous influx of new Gdf5+ cells into 

the interzone to sustain joint development (Shwartz et al., 2016). The source of the recruited 

cells is proposed to be a population of Sox9+/Gdf5- cells flanking the developing joint, 

which is consistent with previous studies showing that all joint structures are derived from 

Sox9+ cells (Soeda et al., 2010). Timing of Gdf5+ cell recruitment influences the tissue type 

to which the cells contribute (Shwartz et al., 2016). That there is a continuous influx of 

Gdf5+ cells into the developing joint seems to conflict with earlier studies showing that the 

interzone is necessary for joint development (Holder, 1977). However, this could be 

explained by an instructive role for the interzone in new Gdf5+ cell recruitment.

1.2.2 Wnt: Wnt signaling is also an early regulator of synovial joint formation and 

maintenance. Wnt4, Wnt9a (previously known as Wnt14) and Wnt16 are expressed in 

overlapping and complementary patterns in and around the presumptive joint. While all are 

expressed in the joint interzone, Wnt4 expression is higher in the mesenchyme flanking the 

joints that gives rise to the joint capsule, and Wnt9a is enriched in the mesenchyme 

surrounding the cartilage primordium in the tissue that will become tendon (Hartmann and 

Tabin, 2001; Guo et al., 2004). Wnt16, on the other hand, is joint-specific with high 

expression levels restricted to the joints of the digits (Guo et al., 2004). Mis-expression of 

Wnt9a in chicks produces gaps in the cartilage matrix that have the morphological and 

molecular hallmarks of an interzone (Hartmann and Tabin, 2001). That Wnt signaling is 

sufficient for joint specification has also been shown in mice expressing Wnt9a or a 

constitutively active form of the canonical Wnt effector β-catenin in Col 2+ cells (Guo et al., 

2004).

However, knockout studies demonstrate that Wnt signaling is not necessary for joint 

induction but rather for maintenance. Wnt9a knockout mice initiate joint formation; 

however, shortly after specification, the interzone cells ectopically differentiate into 

cartilage, subsequently causing joint fusions (Spater et al., 2006a; Spater et al., 2006b). Mice 

null for Wnt9a and Wnt4 have a more severe phenotype with ectopic cartilage and fusion in 

additional joints (Spater et al., 2006a; Spater et al., 2006b). Furthermore, in β-catenin 
knockout mice the joint interzone initially forms but later fails to maintain joint identity and 

undergoes chondrogenesis (Guo et al., 2004; Spater et al., 2006b). These studies suggest that 

canonical Wnt signaling blocks chondrogenesis in the interzone during joint development. 

While Wnt exhibits anti-chondrogenic activity in the interzone, it supports formation of the 

articular cartilage. A recent study shows that Wnt and Bmp signaling oppose one another to 

control the zone of chondrogenic activity. Noggin expression in the epiphysis blocks Bmp 

signaling in a region of interzone-adjacent cells, allowing their differentiation into articular 

cartilage under the influence of Wnt from the interzone (Ray et al., 2015). Thus, Bmp 

signaling activates programs for transient cartilage of the growth plate, whereas Wnt 

signaling promotes programs for articular cartilage.

While Wnt9a is critical for joint development, it is only necessary after joint specification, 

suggesting the presence of an upstream regulator. In a study aimed to identify direct 

transcriptional activators of Wnt9a in the developing joint, c-Jun was identified as a critical 
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regulator of cell fate in the interzone (Kan and Tabin, 2013). Conditional deletion of c-Jun 
decreases canonical Wnt signaling, prevents formation of the characteristic flat interzone 

cells, and leads to a range of abnormalities from ectopic cartilage between the articular 

surfaces to irregular articular surfaces and ligament hypoplasia. The chondrogenic switch in 

the cell fate of the interzone cells can be explained by enhanced Bmp signaling due to down-

regulation of Chordin.

1.2.3 Hedgehog: There is strong evidence to suggest that the developing bones influence the 

establishment and maintenance of the interzone as signaling center. Signals from the 

adjacent cartilage anlagen that regulate growth and maturation of chondrocytes within the 

growth plate also influence joint formation. Indian hedgehog (Ihh), expressed by 

prehypertrophic chondrocytes in the growth plate, controls the distance between the 

hypertrophic zone and the articular surface of the joint through a negative feedback loop 

with Pthrp. Ihh indirectly promotes Pthrp expression in the periarticular joint region and in 

turn, the range of Pthrp signaling determines the length of the proliferative zone (Lanske et 

al., 1996; Vortkamp et al., 1996; Karp et al., 2000). Mice lacking Ihh exhibit long bone 

defects, as well as joint fusions (St-Jacques et al., 1999; Koyama et al., 2007; Decker et al., 

2014). While Gdf5+ joint progenitors are specified in these mice, the cells mislocalize to the 

perichondrium at the periphery of the future joint (Koyama et al., 2007; Decker et al., 2014). 

This suggests that Ihh is critical for the influx of joint progenitors flanking the prospective 

joint.

Although Pthrp and Ihh work together in the growth plate, this regulatory relationship is not 

entirely conserved in joint development. Constitutively active Pth1r is not sufficient to 

rescue joint fusions in Ihh knockout mice (Amano et al., 2016). In fact, the developing joint 

can respond directly to hedgehog by expressing pathway effectors such as Gli1, Gli3, Hip1, 

and Patched1 (Mak et al., 2006; Koyama et al., 2007). Activation of Ihh signaling in Col2-

expressing cells directly stimulates mis-differentiation of the periarticular cells into 

columnar chondrocytes by increasing Bmp expression (Kobayashi et al., 2005; Mak et al., 

2006). Correspondingly, joint fusions in these mice are rescued by treatment with Noggin 

(Mak et al., 2006). Furthermore, increased Ihh signaling in the joint interzone induced by 

loss of Patched1 or expression of SmoM2 blocks formation of articular cartilage and menisci 

and induces ectopic cartilage formation by inhibiting Wnt/β-catenin target genes such as 

Fgf18 (Rockel et al., 2016). Fgf18 treatment blocks ectopic cartilage formation induced by 

hedgehog activation in these mice. Together these results show that opposing Wnt/β-catenin-

Fgf and Ihh-Bmp signals regulate cell fate in the interzone.

1.2.4 Mechanotransduction: During joint cavitation, the articulating cartilage surfaces of 

the jointed skeletal elements become separated by a fluid-filled space. Early studies 

proposed that the cavity between the bones was generated through apoptosis of the cells 

located in the center of the interzone (Mitrovic, 1977). However, cell death is quite restricted 

and thus unlikely to be the driving force in cavitation (Ito and Kida, 2000; Kavanagh et al., 

2002). An alternative view is that separation relies on mechanically induced changes in the 

extracellular matrix (ECM), particularly the production of hyaluronan, which contributes to 

the loss of cell-cell integrity at the plane of cleavage (Dowthwaite et al., 1998; Lamb et al., 

Salva and Merrill Page 5

Dev Dyn. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2003). Since synovial joints are specifically adapted for motion, it is not surprising that their 

formation requires input from extrinsic mechanical forces. Indeed, skeletal muscle paralysis 

prevents joint cavitation despite normal formation of the interzone; moreover, mechanical 

stimulation from the skeletal muscle is necessary for maintenance of already cavitated joints 

(Drachman and Sokoloff, 1966; Murray and Drachman, 1969; Mitrovic, 1982; Osborne et 

al., 2002).

Less is known about how mechanical cues are translated into cellular signals during 

embryogenesis to mediate a transcriptional response in the interzone cells. Candidate 

pathways for mechanotransduction in the joint have been suggested by the identification of 

genes with mechanoresponsive expression. Mechanical stimuli activate two key effectors 

downstream of Fgf2 signaling, mitogen-activated protein kinases P38 and Erk1/2, in the 

presumptive joint line and promote production of hyaluronan-rich matrices (Bastow et al., 

2005; Lewthwaite et al., 2006). On the other hand, immobilization of avian embryos 

diminishes expression of Fgf2 in the presumptive joint line prior to cartilaginous fusion 

(Kavanagh et al., 2006). More localized joint immobilization in mice leads to a decrease in 

Fgf2 at the articular surface, loss of Bmp2 within the interzone, and expansion of Pthrp 

expression in the periarticular cartilage into the joint line region (Roddy et al., 2011). A 

recent genome-wide survey to identify mechanosensitive genes differentially expressed in 

the limb skeleton of the Pax3Spd muscle-less mouse model uncovered changes in membrane-

associated proteins including members of the Wnt, Fgf, Notch, and Eph/ephrin pathways 

(Rolfe et al., 2014).

Mechanical loading is critical to maintain the joint’s articular surface and thus, more is 

known about the role of mechanotransduction in joint maintenance. TRPV4, a mechano-

sensitive ion channel in articular chondrocytes, induces cartilage-specific gene expression 

and matrix biosynthesis through an intracellular influx of Ca+2 following normal mechanical 

loading (Lamande et al., 2011; O’Conor et al., 2014). Reduced TRPV4 activity leads to 

irregularities in the articular surface and subsequently deforming osteoarthritis (Lamande et 

al., 2011). Ca+2-induced signaling induced by normal joint motion is critical for CREB-

dependent activation of Prg4, the gene encoding the secreted proteoglycan lubricin, in 

articular chondrocytes (Ogawa et al., 2014). However, not all mechanically induced signals 

in the joint are beneficial. Ion channels PIEZO1 and 2 in articular chondrocytes potentiate 

Ca+2 signals in response to pathological joint loading that induce cell death (Lee et al., 

2014). Attenuation of PIEZO1 and 2 is chondroprotective following injurious mechanical 

strain. Thus, articular chondrocytes sense and respond to variations in mechanical load via 

Ca+2-induced signaling.

1.3 Future directions—Despite advancements in our understanding of interzone 

specification, maintenance, and eventual cavitation, many questions still remain. While a 

variety of signals that regulate synovial joint development have been identified (Figure 1A), 

the signal or combination of signals that are both necessary and sufficient for specification 

of joint progenitor cells is unknown. Wnt signaling is the only pathway shown to be 

sufficient for joint establishment, and yet it appears not to be necessary. One possibility is 

that there is more Wnt pathway redundancy during specification than has been explored with 

the β-catenin knockout or Wnt9a; Wnt4 double knockout mouse lines. After the interzone is 
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specified, Bmp, Wnt, Ihh, and Pthrp signaling coordinate histogenesis of the joint. It is 

unclear how the combinatorial effects of these pathways on synovial joint progenitor cells 

lead to the multiple cell types within the mature joint. Certainly, signaling mechanisms that 

facilitate cell-cell communication and cellular boundaries to coordinate cell fate decisions 

are likely at play, but little is known about the role of such regulators including Eph/ephrin 

and Notch. These very same pathways are also candidate regulators for the process of 

cavitation. As cavitation advances, the articular surfaces of the opposing bones undergo the 

process of morphogenesis, in which their three-dimensional structure takes shape. Synovial 

joints are the most structurally diverse of all joint types, including ball-and-socket joints in 

the hip and shoulder, saddle joints in the digits, hinge joints in the elbows and knees, and 

gliding joints in the wrist. The signaling mechanisms that produce this variation and also 

coordinate the shapes of the interlocking articular ends are largely unknown. Synovial joints 

show variable expression of and different sensitivity to signaling pathway components 

according to their anatomical location. It will be important to explore correlations between 

expression differences, signaling intensity and duration, and joint patterning.

2. Cartilaginous joints

2.1 Cartilaginous joint structure—Cartilaginous joints unite adjacent bones through 

either a hyaline cartilage or fibrocartilage intermediate. There are two types of cartilaginous 

joints, synchondroses and symphyses. Synchondroses are immovable and usually temporary 

joints made of hyaline cartilage that allow interstitial growth between ossification centers 

before their eventual fusion. Temporary synchondroses are located between the primary 

ossification centers of the growing cranial base and the developing hip, as well as within the 

growth plates of the long bones. Permanent synchondroses that remain unossified are located 

in the thoracic cage between the ribs and the sternum. Symphyses, on the other hand, are 

joints that allow for limited movement and are composed of fibrocartilage. A symphysis can 

span a narrow or wide joint space, as in the narrow strip of fibrocartilage that fills the pubic 

symphysis, or the thick pad of fibrocartilage that fills the space between adjacent vertebrae.

Here we will discuss the signaling mechanisms involved in the most studied example of a 

cartilaginous joint apart from the growth plate: the intervertebral symphysis, commonly 

known as the intervertebral disc (IVD). Along the spinal column, adjacent vertebrae are 

linked together by IVD, which provide mechanical stabilization, flexibility, and the ability to 

bear a significant load. In the mature IVD, concentric connective tissue rings of the annulus 

fibrosus (AF) enclose a gel-like center known as the nucleus pulposus (NP). The outer layer 

of the AF is tendon-like in its morphology, while the inner layer resembles hyaline cartilage 

(Postacchini et al., 1984). The AF anchors the IVD between two articulating vertebral bodies 

through the hyaline cartilage endplates. Specifically, the outer AF is anchored to the 

vertebral body and endplate while the inner AF inserts directly into the endplate (Nosikova 

et al., 2012).

2.2 Signals in IVD development—The AF, along with the vertebral bodies and their 

endplates, is embryonically derived from the sclerotome (Mundy et al., 2011; Bruggeman et 

al., 2012). While the sclerotome arises from cells within the ventral medial somites and 

somitocoele, it is the sclerotome cells of somitocoele lineage that give rise to the AF (Huang 
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et al., 1994; Mittapalli et al., 2005). Interestingly, the somitocoele is known as the joint-

forming compartment of the somites. The NP component of the IVD, on the other hand, is 

derived from the notochord (Choi et al., 2008; McCann et al., 2012). Perturbations to the 

processes leading up to the formation of the sclerotome and/or notochord can therefore 

result in hypoplastic or dysmorphic IVD. Since the relationship between these early 

processes and IVD development have been recently reviewed, we will focus on signaling 

events after specification of the sclerotome and notochord (Sivakamasundari and Lufkin, 

2012; McCann and Seguin, 2016).

Following specification, the ventral sclerotome cells expressing Pax1 and Pax9 migrate and 

condense around the notochord to form a continuous perichordal tube (Peters et al., 1999; 

Christ et al., 2000). The perichordal tube acquires a metameric pattern of high and low 

condensed regions that correspond to the AF and vertebral body, respectively. Pax1, which 

inhibits chondrogenesis, remains up-regulated in the AF anlagen and is down-regulated in 

the presumptive vertebral bodies through signals that are yet unknown (Wallin et al., 1994; 

Peters et al., 1999; Takimoto et al., 2013). However, it is clear that migration and 

segmentation of the perichordal tube is dependent on signals that emanate from the adjacent 

notochord. That the notochord regulates development of the perichordal tube was first shown 

by notochord excision experiments, which resulted in the perichordal tube forming an 

unsegmented cartilage rod (Strudel, 1955). Later it was shown that Sonic Hedgehog (Shh) 

derived from the notochord is required for multiple steps in IVD development including 

maintenance of Pax1 expression in the ventral sclerotome, formation of the perichordal tube, 

and eventual patterning of the IVDs (Fan and Tessier-Lavigne, 1994; Choi et al., 2012).

As the presumptive vertebral bodies undergo chondrogenesis, the notochord regresses in the 

vertebral regions and expands in the center of the IVD to form the NP. This regression is a 

result of notochord cell migration towards the presumptive IVD in response to mechanical 

cues and/or growth factor gradients originating from the segmenting perichordal tube 

(Aszodi et al., 1998; Choi and Harfe, 2011; Corallo et al., 2013). That signals from the 

perichordal tube are critical for NP development is supported by studies showing that 

changes in perichordal structure or ECM composition disrupt NP formation. In the absence 

of hedgehog signaling, the perichordal tube does not form and notochord cells disperse 

throughout the vertebral column instead of coalescing in the presumptive NP (Choi and 

Harfe, 2011). Furthermore, loss of Pax1 in cells of the ventral sclerotome leads to 

abnormalities in the metameric arrangement of the perichordal tube as well as deficiencies in 

notochord regression and NP formation (Wallin et al., 1994; Zhang and Gridley, 1998).

2.2.1 Notch: Only a few candidate factors are known to mediate the reciprocal interactions 

between the notochord and perichordal tube during vertebral morphogenesis. Deciphering 

the precise functions of factors identified thus far has been complicated by their initial roles 

in somitogenesis and sclerotome determination. The Notch pathway, which first regulates 

periodicity of somite formation and somite patterning, also regulates the patterning of the 

perichordal tube. Mice null for Lunatic fringe, a glycosyltransferase that enhances Notch 

activation though the Delta1 ligand, fail to form the metameric pattern of high and low 

density mesenchymal condensations around the notochord (Zhang and Gridley, 1998). While 

Notch signaling through Delta1 in the caudal region of the somites is critical for rostral-

Salva and Merrill Page 8

Dev Dyn. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



caudal polarity, overexpression of Delta1 throughout the somites does not affect somite 

polarity but instead results in vertebral column defects including loss of the IVD and 

incomplete extrusion of the notochord (Takahashi et al., 2000; Teppner et al., 2007). This 

suggests that negative feedback mechanisms that regulate somite polarity do not function 

later during IVD morphogenesis.

2.2.2 Hedgehog: Hedgehog signaling is another pathway redeployed throughout axial 

skeletal development. During somite development, Sonic hedgehog (Shh) from the 

notochord is required for pacing the somitogenesis clock, inducing formation and survival of 

the sclerotome, as well as stimulating the sclerotome to be competent for subsequent 

differentiation into chondrocytes (Fan and Tessier-Lavigne, 1994; Chiang et al., 1996; Teillet 

et al., 1998; Murtaugh et al., 1999; Resende et al., 2010). Consistent with their origins in the 

notochord, NP cells continue to express Shh through the early postnatal period to activate 

growth and differentiation of the NP, AF, and endplate (Dahia et al., 2012). Another 

hedgehog ligand, Indian hedgehog (Ihh) is released by the hypertrophic zone of the vertebral 

body growth plate and influences cartilage maturation in the IVD. In mice with postnatal 

conditional deletion of Ihh in Col2-expressing cells, the IVD lose the AF and hyaline 

cartilage endplate (Maeda et al., 2007). As seen in synovial joints, Ihh is critical for 

maintaining distinct regions of cartilage maturation at the articulating surface of the IVD.

2.2.3 Wnt: The effect of Shh on growth and differentiation of the NP relies on Wnt 

signaling. Conditional knockout of Wntless, which is necessary for Wnt secretion, in Shh-

expressing cells results in downregulation of Shh target genes (Winkler et al., 2014). Since 

canonical Wnt signaling is up-regulated in the NP upon loss of Shh, a negative feedback 

loop has been suggested: Wnt signaling activates Shh signaling, which in turn represses Wnt 

signaling. The effects of Wnt signaling on IVD development are more extensive as its 

activity and localization dynamically change in the IVD between embryonic and postnatal 

stages (Kondo et al., 2011). Outside the NP, Wnt signaling is a known inhibitor of 

chondrogenesis and is active in the end plate and AF. Conditional deletion of β-catenin in 

Col2-expressing cells leads to increased endochondral bone formation in the endplate 

(Kondo et al., 2011). Furthermore, transient over-activation of Wnt signaling in the postnatal 

IVD caused deterioration of the AF (Kondo et al., 2011). This suggests that Wnt signaling 

regulates cell-fate determination and maintenance of the AF.

2.2.4 Bmp and Tgfβ: In addition to Wnt, Gdf is also involved in AF cell-fate determination 

and maintenance. Some Gdf5+ cells, which give rise to the AF, were found to reside 

adjacent to the cartilage endplates and migrate along the lamellae into the disc (Henriksson 

et al., 2012; Barreto Henriksson et al., 2013). Loss of Gdf5 leads to histogenic abnormalities 

in the AF including replacement of the normal lamellar architecture with chondroid tissue 

that invades the NP (Li et al., 2004). Although primary formation of the NP is normal in the 

absence of Gdf5, the AF abnormalities secondarily result in NP deformity and degeneration 

(Maier and Harfe, 2011). Similarly, increased BMP signaling leads to changes in AF 

histogenesis. A Noggin-expressing layer in the IVD blocks pro-chondrogenic Bmp signals 

from the adjacent vertebral bodies (DiPaola et al., 2005) and loss of Noggin leads to bone 
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formation in the region of the AF and vertebral fusions (Brunet et al., 1998; DiPaola et al., 

2005).

AF histogenesis is also regulated by Tgfβ receptors, which are among the earliest known 

markers of the presumptive IVD (Pelton et al., 1990; Matsunaga et al., 2003). Conditional 

inactivation of Tgfβ type II receptor (Tgfβr2) in Col2-expressing cells of the AF leads to 

inappropriate chondrogenesis, fusion of the AF and vertebral body, and subsequently, loss of 

the IVD (Baffi et al., 2004). The anti-chondrogenic role of Tgfβr2 is in part mediated 

through the induction of AF specific transcription factors such as Scx, fibromodulin, Erg1, 

and Mohawk in the sclerotome (Sohn et al., 2010; Cox et al., 2014). Correspondingly, loss 

of Mohawk, which promotes responsiveness to Tgfβ and reduces responsiveness to Bmp in 

the outer AF layer, leads to down-regulation of tendon/ligament markers and up regulation 

of the chondrogenic factor Sox9 (Nakamichi et al., 2016). That the balance between TGFβ 
and BMP signaling is critical for AF maintenance is supported by loss of Filamin B, a 

scaffold protein that regulates signaling attenuation of the Tgfβ family of receptors. In 

Filamin B knockout mice, which exhibit enhanced Tgfβ and Bmp signaling, AF cells 

acquire the molecular signature of hypertrophic chondrocytes undergoing endochondral-like 

ossification (Zieba et al., 2016). The latent ability of cells in the outer layer of the AF to 

differentiate into chondrocytes can be explained by the finding that the AF is derived from 

Scx+/Sox9+ bipotent progenitor cells that differentiate into either chondrocytes or tenocytes 

(Sugimoto et al., 2013). Correspondingly, conditional deletion of Sox9 in Scx+/Sox9+ cells 

causes hypoplasia of the inner AF and expansion of the outer AF layer (Sugimoto et al., 

2013).

2.3 Future directions—What is known and reviewed here is likely only part of a larger 

signaling network controlling IVD development and maintenance (Figure 1B). Expression 

analyses have identified multiple components of the Wnt, Hedgehog, Fgf, Bmp, and Tgfβ 
signaling pathways in the IVD (DiPaola et al., 2005; Dahia et al., 2009). However, 

functional studies have yet to reveal the full extent to which these pathways regulate IVD 

formation and maintenance. Mechanical loading is a key regulator of IVD homeostasis and 

yet the molecular signals that sense and convert mechanical stimulus into a cellular response 

during IVD development are unknown (Kerr et al., 2016). Mechanotransduction pathways, 

while incompletely defined in the IVD, are likely to overlap with those of the synovial joint. 

Basic knowledge of the signaling pathways regulating the IVD, as well as a better 

understanding of their hierarchy and interconnectedness, will be critical to identifying 

therapeutic targets in IVD degeneration, for which there are few effective treatments.

3. Fibrous joints

3.1 Fibrous joint structure—Fibrous joints form a direct union between bones through 

fibrous connective tissue. There are three types of fibrous joints: syndesmoses, gomphoses, 

and sutures. Syndesmoses traverse widely spaced parallel bones through bands of ligaments 

or sheets of connective tissue called interosseous membranes. These joints provide strength, 

stability, and limited movement between the shafts of the radius and ulna in the forearm and 

the tibia and fibula of the leg. Gomphoses are specialized fibrous joints that anchor the roots 

of teeth to the bony sockets in the upper and lower jaw via a thin fibrous membrane called 
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the periodontal ligament. Sutures bind the contiguous margins of closely opposed bones in 

the skull through short connective tissue fibers that restrict most movement and yet provide 

compliance and elasticity during parturition and postnatal brain growth. By adulthood in 

humans, many sutures ossify to permanently fuse adjacent bones. The signaling mechanisms 

that regulate suture development are the best described of all fibrous joints and therefore will 

be the example we discuss here.

3.2 Signals in suture development—A suture is established when the osteogenic fronts 

of opposing calvarial bones meet following their apical growth. Once formed, the osteogenic 

fronts and intervening mid-suture mesenchyme organize subsequent calvarial bone growth 

by coordinating intramembranous ossification in response to mechanical forces from the 

enlarging brain until the eventual fusion of the sutures in late adolescence. Intramembranous 

ossification is spatially organized within the sutures. Preosteoblasts located within the 

osteogenic front terminally differentiate and withdraw from the growing front to incorporate 

into the bone. Proliferating osteoprogenitor cells, on the other hand, are maintained at the tip 

of the osteogenic fronts and advance with the developing bone (Lana-Elola et al., 2007). The 

mid-suture mesenchyme maintains a non-osteogenic fate during the embryonic period, and 

as the suture matures, the mid-suture zone becomes occupied by fibrous connective tissue 

(Markens, 1975).

Calvarial bones and their intervening sutures are embryonically derived from neural crest 

and paraxial mesoderm. Frontal bones in the rostral calvaria arise from neural crest 

mesenchyme, while occipital and parietal bones of the caudal calvaria develop from 

mesoderm (Couly et al., 1993; Jiang et al., 2002; Evans and Noden, 2006; Yoshida et al., 

2008). Interestingly, the coronal suture, situated between the frontal and parietal bones, 

coincides with a physical boundary between neural crest and mesoderm in mammals (Jiang 

et al., 2002; Yoshida et al., 2008). While neural crest cells and mesoderm each contribute an 

osteogenic front to the coronal suture, the mid-suture mesenchyme here is of mesodermal 

origin. The coronal mid-suture mesenchyme is pre-specified as a population of Gli1+ cells 

within the head mesoderm prior to the formation of the calvarial bone rudiments 

(Deckelbaum et al., 2012). These Gli1+ cells, activated by Shh from the notochord and 

prechordal plate, transiently express En1 and migrate first to the supraorbital ridge and then 

apically to their position at the neural crest-mesoderm boundary. Lineage tracing of a similar 

population of Gli+ cells in the adult suture shows they can contribute to the osteogenic front, 

dura, periosteum, and calvarial bones (Zhao et al., 2015).

3.2.1 Eph/Ephrin: Suture development depends on the establishment and maintenance of 

cellular boundaries between osteogenic and non-osteogenic territories via direct cell-cell 

signaling mechanisms. Loss of boundary integrity between osteogenic and non-osteogenic 

compartments induces ectopic ossification of the mid-suture mesenchyme and subsequently, 

joint fusion. Normally, as the calvarial bones grow, osteogenic precursor cells from the bone 

rudiments migrate apically along the developing bone, guided by EphA/ephrinA signaling, 

to join the leading edge of the bones (Yoshida et al., 2008; Ting et al., 2009; Roybal et al., 

2010). EphrinA-expressing osteogenic precursors migrate along an EphA-expressing cell 

layer located on the apical surface of the bone. Activation of the EphA by ephrinA initiates 

Salva and Merrill Page 11

Dev Dyn. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bidirectional signaling that promotes cell-cell repulsion. When expression levels of EphA or 

ephrinA are reduced, unrestrained osteogenic cells migrate off their path into the non-

osteogenic compartment of the mid-suture mesenchyme and cause suture fusion (Merrill et 

al., 2006; Ting et al., 2009).

3.2.2 Notch: Notch/Jagged signaling is also critical for delineating boundaries between 

osteogenic and non-osteogenic compartments. Active Notch2 signaling is restricted to the 

osteogenic fronts of the coronal suture by a layer of Jagged1-expressing cells in the mid-

suture mesenchyme (Yen et al., 2010). Upon conditional loss of Jagged1 in the mesoderm, 

but not the neural crest, Notch2 signaling expands into the mid-suture mesenchyme, 

triggering misspecification to an osteogenic fate, and ultimately leading to joint fusion (Yen 

et al., 2010). While the roles of Notch/Jagged and EphA/ephrinA signaling in suture 

boundaries are not directly linked, both pathways lie downstream of Twist1, a transcriptional 

regulator critical for suture morphogenesis (Merrill et al., 2006; Yen et al., 2010).

3.2.3 Fgf: Fgf signaling is a critical regulator of suture development and maintenance. 

Osteoprogenitor cells at the osteogenic front express Fgfr2, which is down-regulated upon 

differentiation. The onset of osteoblast differentiation in the osteogenic front is concomitant 

with a transient increase in Fgfr1 expression that is later reduced in the mature osteoblasts of 

the bone (Iseki et al., 1997; Kim et al., 1998; Iseki et al., 1999). Human mutations that 

increase the activity of FGFR1 or FGFR2 are a major cause of premature suture fusion, 

known as craniosynostosis (Twigg and Wilkie, 2015). Similarly, mice carrying orthologous 

mutations in Fgfr1 and Fgfr2 develop craniosynostosis before birth due to enhanced 

osteoprogenitor cell proliferation and differentiation (Zhou et al., 2000; Eswarakumar et al., 

2004; Wang et al., 2005; Yin et al., 2008; Wang et al., 2010; Pfaff et al., 2016).

Fgfr2 functions cell-autonomously within the sutures. Conditional expression of a disease-

causing Fgfr2 mutation in En1-expressing coronal suture progenitor cells is sufficient to 

induce craniosynostosis (Deckelbaum et al., 2012; Holmes and Basilico, 2012). 

Interestingly, loss of Fgfr2 simultaneously leads to craniosynostosis of the coronal suture 

and open gaps where frontal and sagittal sutures should form (Eswarakumar et al., 2002; Yu 

et al., 2003). This apparent paradox is later reconciled through growth. The osteogenic fronts 

of paired frontal and paired parietal bones are slow to approximate, due to decreased 

osteoprogenitor cell proliferation and differentiation, and eventually fuse during postnatal 

development (Eswarakumar et al., 2002; Pfaff et al., 2016).

A precise spatial gradient of Fgf signaling is critical to establish and maintain the sutures. 

Multiple Fgfs are expressed in and around the sutures. Fgf2 and Fgf9 are expressed in the 

mid-suture mesenchyme, while Fgf18 is expressed in the osteogenic mesenchyme of the 

bone (Kim et al., 1998; Rice et al., 2000; Ohbayashi et al., 2002). These Fgfs act on Fgfr1- 

and Fgfr2-expressing cells in the osteogenic fronts and Fgfr3 in the bone. Thus, Fgf 

signaling is thought to be highest in the osteogenic fronts (Iseki et al., 1997; Iseki et al., 

1999). Fgf18 knockout mice exhibit suture widening, while no phenotypes have been 

identified in Fgf2 and Fgf9 knockout mice (Liu et al., 2002; Ohbayashi et al., 2002). Ectopic 

treatment of the developing sutures with Fgf2-soaked beads show that Fgf2 can promote 

mid-suture cell identity by inducing Twist1, a negative regulator of osteogenesis that directly 
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inhibits Runx2 (Rice et al., 2000; Bialek et al., 2004). The spontaneous mouse mutant Elbow 
knee synostosis (Eks) harbors a point mutation in Fgf9 that increases ligand diffusion. More 

diffusible Fgf9 activates Fgfr3 in the bone, a region that normally receives low levels of Fgf, 

leading to fusion of the coronal and sagittal sutures (Murakami et al., 2002; Harada et al., 

2009). That spatial localization of the Fgf gradient determines the cellular response is further 

supported by the finding that Fgf4 bead placement at the osteogenic fronts accelerates 

proliferation and differentiation, whereas placement on the mid-suture mesenchyme strictly 

enhances proliferation (Kim et al., 1998). Additionally, the spatial responsiveness of 

receptors to the Fgf gradient is critical for suture development: inappropriate localization of 

Fgfr1 or changes in ligand-binding specificity of Fgfr2 cause coronal suture fusion 

(Hajihosseini et al., 2001; Yu and Ornitz, 2001).

3.2.4 Bmp: Fgf signaling in the suture is tightly linked with Bmp signaling. Bmp4 in the 

osteogenic fronts and mid-suture mesenchyme is necessary to induce transcription of Msx1 
and Msx2, which are critical regulators of osteoprogenitor cell proliferation and 

differentiation (Kim et al., 1998; Ishii et al., 2003). Noggin, a secreted antagonist of Bmp 

expressed in the suture mesenchyme and the underlying dura, restricts Bmp activity to the 

osteogenic fronts of patent sutures (Warren et al., 2003). While Bmp induces Noggin 
expression, Fgf signaling inhibits it. The fact that craniosynostosis can result from 

inappropriate Fgf-mediated repression of Noggin is supported by experiments showing that 

ectopic application of Noggin can block suture fusion in a chimeric nude rat model (Shen et 

al., 2009).

The Bmp family member Gdf6 plays a critical role early in establishing the coronal suture. 

In the developing skull, Gdf6 is first expressed in a supraorbital domain that coincides with 

the frontal bone rudiment and shortly thereafter is localized to the mid-suture mesenchyme 

with Fgfr2 (Settle et al., 2003; Clendenning and Mortlock, 2012). Interestingly, this Gdf6+ 

population appears to spatially overlap with the Gli1+/En1+ cells identified by Deckelbaum 

et al. that give rise to the coronal suture. Gdf6 mutant mice do not show morphologic or 

molecular evidence of suture formation (Settle et al., 2003; Clendenning and Mortlock, 

2012). In particular, Fgfr2 expression is lost in the coronal suture of Gdf6-null mice in a 

pattern quite similar to what is seen in En1-null mice, suggesting that these may be the same 

group of cells (Settle et al., 2003; Deckelbaum et al., 2012).

3.2.5 Hedgehog: The hedgehog pathway controls both early and late events in suture 

formation. Early in development, Shh from the notochord induces formation of the Gli1+ 

cells in the mesoderm that eventually give rise to coronal suture progenitors (Deckelbaum et 

al., 2012). Functional studies suggest that Ihh in the osteogenic fronts integrates with Bmp 

and Fgf to regulate later events in suture development. Ihh-null mice have delayed calvarial 

osteogenesis and wide sutures due to a decrease in Bmp-mediated recruitment of 

osteoprogenitor cells to the osteogenic fronts (Lenton et al., 2011). Loss of negative 

regulators in the hedgehog pathway also demonstrates that Ihh promotes osteogenesis in the 

suture. Excessive Ihh signaling in mice caused by reduced levels of Gli3 and Ptch1 leads to 

increased proliferation, enhanced osteogenesis, and premature fusion of the lambdoid suture 

(Rice et al., 2010; Tanimoto et al., 2012; Feng et al., 2013). In the mid-suture mesenchyme 
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of Gli3 knockout mice, Twist1 expression is reduced, while BMP signaling and Runx2 
expression are expanded (Rice et al., 2010; Tanimoto et al., 2012). Allelic reduction of 

Runx2 in the Gli3 mutant background rescues suture fusion (Tanimoto et al., 2012). 

Interestingly, treatment of the Gli3 mutant with Fgf2 reinstates Twist1 expression and also 

rescues suture fusion (Rice et al., 2010). Together these studies suggest that Ihh signaling 

promotes osteogenesis through Bmp-mediated activation of Runx2 and that this activity is 

counterbalanced by Fgf2-mediated maintenance of Twist1.

3.2.6 Wnt: Acting upstream of Fgf and Bmp signaling, Wnt is critical for maintaining suture 

patency. Wnt/β-catenin promotes the commitment of skeletal progenitor cells into 

osteoprogenitors, and suppresses their chondrogenic potential (Day et al., 2005; Hill et al., 

2005). Axin2, a negative regulator of canonical Wnt signaling that promotes β-catenin 

degradation, is expressed in the mid-suture mesenchyme as well as the osteogenic fronts and 

periosteum of the calvarial bones. Axin2 knockout mice have fusion of the metopic and 

coronal sutures due to enhanced osteoprogenitor cell proliferation and differentiation (Yu et 

al., 2005; Behr et al., 2013). This phenotype is concomitant with increased levels of Fgf18, 

Fgf4 and Fgfr1 expression, as well as elevated BMP signaling (Yu et al., 2005; Liu et al., 

2007). Similarly, mice with constitutive activation of β-catenin in Axin2-expressing cells 

also exhibit excessive intramembranous ossification that results from increased Fgf and Bmp 

signaling (Mirando et al., 2010). Thus, these studies strongly suggest that Wnt signaling 

promotes the expansion of osteoprogenitor cells and the commitment of these cells into the 

osteoblast lineage through Fgf and Bmp signaling. Reducing elevated Fgf signaling in Axin2 
knockout mice through allele reduction of Fgfr1 does not rescue suture fusion. Instead, these 

double mutant mice develop craniosynostosis due to ectopic endochondral ossification 

(Maruyama et al., 2010). This change in cell fate within the mid-suture mesenchyme is 

blocked by treatment with the Bmp inhibitor Noggin (Maruyama et al., 2010). Together 

these findings show that Wnt regulates lineage specification within the suture by balancing 

levels of Bmp and Fgf signaling.

3.3 Future directions—While the structure of the suture may be less complex then the 

other joints reviewed here, the signaling regulating its development is no less complicated 

(Figure 1C). Enhanced or diminished activation of a single signaling pathway, such as Fgf, 

yields the same phenotype – suture fusion. It should be noted that the underlying pathologies 

of “suture fusion” in these situations are likely distinct. The term “suture fusion” implies that 

the suture was established but not maintained. However, a subset of these phenotypes are 

expected to be the result of defective joint specification, or failure to form a suture 

altogether. In future studies it will be important to distinguish between lack of suture 

specification and failed maintenance by looking at the development of En1+ suture 

progenitor cells.

Although movement is highly restricted at fibrous joints, the suture is designed to withstand 

and respond to mechanical stimuli from the underlying brain and nearby muscles. The 

mechanoresponsive nature of the suture is directly tied to its primary function in bone 

growth (Mao, 2002; Byron et al., 2004; Khonsari et al., 2013). The suture would, therefore, 

be an ideal model to identify mechanotransduction pathways.
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Unifying features of joint development

Review of the mechanisms that regulate development of synovial, cartilaginous, and fibrous 

joints reveals that there are unifying features in signaling architecture between distinct joint 

classes (Figure 2). First, the joint progenitor cells of different joint types express genes that 

belong to the same principal signaling pathways. For example, the Gdfs, Wnts, and Bmp 

inhibitors are all expressed in the presumptive joint compartments of synovial, cartilaginous, 

and fibrous joints. Second, the regulatory relationships between the principal signaling 

pathways are reiteratively used during the development of distinct joint types. A signaling 

axis of Wnt-Fgf from within the joint-forming compartment opposes chondrogenic signals 

from Ihh-Bmp in order to promote specification and differentiation of specialized tissues at 

the joint-bone interface. In synovial and cartilaginous joints, the balance between Wnt and 

Ihh signaling promotes formation of intermediate tissues such as hyaline cartilage and 

fibrous connective tissue by limiting chondrogenic potential. In the fibrous joint of the 

suture, Wnt and Ihh signaling maintain the osteogenic front by balancing osteoprogenitor 

cell specification with terminal osteoblast differentiation. Third, the same signal pathway is 

utilized for the same function in distinct joint types. Cell-cell signaling through the Notch 

pathway is employed in the IVD and suture to define osteogenic and non-osteogenic 

compartments. Similarities in the molecular regulatory network between joint types are 

coincident with similarities in joint morphogenesis. Joint progenitor cells that make 

synovial, cartilaginous, and fibrous joints share a common feature: they are sourced from the 

outside and move into the joint space.

One possibility raised by previous studies is that diverse types of joints have a common 

evolutionary origin. The structure of some cranial joints is taxonomically variable in lizards 

(Payne et al., 2011). While the quadrate-pterygoid joint of the jaw is fibrous in gekkotans, it 

is a mixed phenotype joint – part fibrous and part synovial – in iguanids. Joints within the 

axial and appendicular skeleton also vary between tetrapods. The costal joint is fibrous in 

most mammals and synovial in birds (Parker, 1868; Claessens, 2009). Similarly, the knee 

joint, which is synovial in mammals, is fibrous and lacks a synovial cavity in amphibians 

such as the salamander and frog (Lee and Gardiner, 2012). Additionally, joints within the 

amphibian ankle and wrist show a mixed phenotype of fibrous and synovial. These studies 

suggest that the signaling network responsible for specifying the joint is competent to 

generate more than one joint class.

Conclusions

Overlap in the signaling networks that regulate distinct joint types is certainly more 

extensive than is appreciated here. The role of Fgf signaling in joint development has been 

largely defined by studies in the sutures. However, craniosynostosis syndromes caused by 

mutations in FGFR2 are also associated with synovial joint fusions within the limb as well 

as intervertebral fusions (Hemmer et al., 1987; Anderson et al., 1998). To understand this 

regulatory connection, it will be important to more closely examine the role of Fgf signaling 

in synovial and cartilaginous joint development.
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Despite overlapping signaling mechanisms in the development of the synovial, cartilaginous, 

and fibrous joints, the final structures of these joints are quite specialized, and there is 

significant morphological variation within each category. How can use of similar signaling 

networks across joint types produce the unique histogenic structure of each joint? Signaling 

pathways can produce varied biological responses depending on the intensity and duration of 

the signal. Differences in the spatiotemporal expression patterns of signaling pathway 

components or inhibitors can account for the modulations in dose- and time-dependent 

response. In the joints, this is evidenced by varied involvement of select Wnt, Gdf, and Fgf 

ligands, as well as Bmp inhibitors.

Conservation of the regulatory network across joint types may suggest that synovial, 

cartilaginous, and fibrous joints are homologous developmental modules that have 

undergone specialization. If they are indeed homologous modules, then the specialized 

transcription factors that define the joint compartment should be shared across joint types. 

These joint-determining transcription factors should be expressed within the cells of the 

presumptive joint compartment, required for initial specification of joint identity, and 

sufficient for joint specification under the correct conditions (Guss et al., 2001). A 

transcription factor that fits this description has yet to be identified in any of the joint types.

Here we have illustrated the similarities and differences between distinct joint types in an 

effort to better understand joint development. By comparing the different joint classes, an 

overlap in the signaling networks becomes clear. Discoveries in one joint type can therefore 

provide mechanistic insights into the development of the other joint classes. Since all joint 

classes are commonly affected by disease and injury, there is a clinical need to develop 

molecular-based strategies to repair and/or rebuild joint tissues. Identifying unifying features 

in the mechanisms that instruct joint development enhance our potential to reach this goal.
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Figure 1. Spatial expression patterns of the principal signaling pathways in joint development
The expression domains of critical signaling pathway components are regionally restricted 

during development of the (A) synovial, (B) cartilaginous, and (C) fibrous joints. Articular 

cartilage (AC); interzone (IZ); joint capsule (JC); intervertebral disc (IVD); endplate (EP); 

annulus fibrosus (AF); nucleus pulposus (NP); osteogenic front (OF); and mid-suture 

mesenchyme (SM).
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Figure 2. Signaling networks in joint development have unifying features
There is overlap in the principal signaling pathways and their regulatory interactions 

between (A) synovial joints, (B) cartilaginous joints, and (C) fibrous joints.

Salva and Merrill Page 27

Dev Dyn. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Signaling networks in joint development
	1. Synovial joints
	1.1 Synovial joint structure
	1.2 Signals in synovial joint development
	1.2.1 Bmp
	1.2.2 Wnt
	1.2.3 Hedgehog
	1.2.4 Mechanotransduction

	1.3 Future directions

	2. Cartilaginous joints
	2.1 Cartilaginous joint structure
	2.2 Signals in IVD development
	2.2.1 Notch
	2.2.2 Hedgehog
	2.2.3 Wnt
	2.2.4 Bmp and Tgfβ

	2.3 Future directions

	3. Fibrous joints
	3.1 Fibrous joint structure
	3.2 Signals in suture development
	3.2.1 Eph/Ephrin
	3.2.2 Notch
	3.2.3 Fgf
	3.2.4 Bmp
	3.2.5 Hedgehog
	3.2.6 Wnt

	3.3 Future directions


	Unifying features of joint development
	Conclusions
	References
	Figure 1
	Figure 2

