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Abstract

The attachment between tendon and bone occurs across a complex transitional tissue that
minimizes stress concentrations and allows for load transfer between muscles and skeleton. This
unique tissue cannot be reconstructed following injury, leading to high incidence of recurrent
failure and stressing the need for new clinical approaches. This review describes the current
understanding of the development and function of the attachment site between tendon and bone.
The embryonic attachment unit, namely, the tip of the tendon and the bone eminence into which it
is inserted, was recently shown to develop modularly from a unique population of Sox9- and Scx-
positive cells, which are distinct from tendon fibroblasts and chondrocytes. The fate and
differentiation of these cells is regulated by transforming growth factor beta and bone
morphogenetic protein signaling, respectively. Muscle loads are then necessary for the tissue to
mature and mineralize. Mineralization of the attachment unit, which occurs postnatally at most
sites, is largely controlled by an Indian hedgehog/parathyroid hormone-related protein feedback
loop. A number of fundamental questions regarding the development of this remarkable
attachment system require further study. These relate to the signaling mechanism that facilitates
the formation of an interface with a gradient of cellular and extracellular phenotypes, as well as to
the interactions between tendon and bone at the point of attachment.
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Introduction

Body movement requires efficient transfer of force from contracting muscles to bone. This
is achieved in the musculoskeletal system across a complex attachment system that includes
the myotendinous junction and the tendon—bone junction, connected in series. Although the
myotendinous junction is rarely injured, tendon must often be repaired to bone to treat
tendon injuries. Unfortunately, the specialized tissue that forms at the attachment of tendon

© 2014 Wiley Periodicals, Inc.

"Correspondence to: Elazar Zelzer, Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel.
eli.zelzer@weizmann.ac.il (or) Stavros Thomopoulos, Department of Orthopaedic Surgery, Washington University, 660 South Euclid,
Campus Box 8233, St. Louis, MO 63110. thomopouloss@wudosis.wustl.edu.

The authors have no conflicts of interest with the material reviewed in this article.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zelzer et al.

Page 2

to bone during fetal development and postnatal maturation is not regenerated during tendon-
to-bone healing (Rodeo et al., 1993; Thomopoulos et al., 2002, 2003b). Two examples of
tendon-bone junctions prone to injury are the rotator cuff in the shoulder and the anterior
cruciate ligament in the knee. Surgical repair of these tissues is particularly difficult because
the surgeon must overcome the challenge of attaching two materials (tendon and bone) with
vastly different mechanical properties. In the rotator cuff, this contributes to documented
rates of re-rupture as high as 20% for minor tears and up to 94% for massive tears
(Harryman et al., 1991; Galatz et al., 2004). A better understanding of the cellular and
molecular mechanisms that drive development of the attachment tissue may allow
researchers to develop therapeutic interventions for enhanced tendon-to-bone healing.

The formation of an attachment between a bone and a tendon starts during embryonic
development. Throughout musculoskeletal system assembly, the tendon—bone attachment
unit forms a complex structure, which includes the distal end of the tendon, the transitional
zone across which tendon inserts into bone, and the mineralized side of the attachment.
Tendons often insert into bone eminences, projections that grow on bone surfaces, and
exhibit a large variety of shapes and sizes (Gray and Lewis, 1918; Hill, 1964). Bone
eminences are termed according to their form: a broad, rough elevation is called a
tuberosity, protuberance, or process; a small, rough prominence is called a tubercle; a sharp,
slender, pointed eminence is termed a spine; and a narrow, rough elevation running along
the surface is a ridge, crest, or line (Gray and Lewis, 1918). These superstructures provide a
stable anchoring point for tendons, increase the moment arm for more effective muscle force
transfer, and dissipate stresses at the tendon—bone interface. This results in a more effective
muscle attachment and facilitates movement (Biewener et al., 1996; Benjamin et al., 2002;
Genin et al., 2009; Liu et al., 2012b; Lu and Thomopoulos, 2013; Thomopoulos et al.,
2013).

The structure of the attachment tissue is mechanically complex. Stress must be transferred
between two materials that differ in material stiffness by two orders of magnitude. Bone is a
stiff, brittle material relative to tendon, with a material stiffness of approximately 20 GPa
(Bostrom et al., 2000). In contrast, tendon is tough and extensible when compared with
bone, with a material stiffness of approximately 200 MPa in tension (Woo et al., 2000). The
attachment of two dissimilar materials results in stress singularities at their interface and a
subsequent increased risk of failure. To overcome this inherent challenge, the tendon-bone
attachment consists of transitional tissue with structural and compositional gradients that
give rise to graded tissue mechanical properties and reduced stress concentrations (Genin et
al., 2009; Liu et al., 2011, 2012b; Thomopoulos et al., 2006, 2003a).

Despite their functional importance, the cellular origin of tendon-bone attachment tissue and
the mechanisms that regulate its development have only recently been studied. This review
will describe the current state of knowledge on the development of the attachment tissue,
from fetal time points through postnatal maturity. Here, we refer to the embryonic tendon—
bone attachment tissue as attachment unit, whereas the mature tissue is referred to as the
enthesis.
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The Origin of the Cells at the Tendon Enthesis
DEVELOPMENT AND MODULARITY OF THE TENDON-BONE ATTACHMENT UNIT

The mechanisms by which the tendon—bone attachment unit is established were initially
studied by looking at the development of the bone eminences onto which the tendons insert.
The development of the appendicular skeleton is initiated when a subset of mesenchymal
cells, originating in the lateral plate mesoderm, amasss and is specified as
chondroprogenitors. In mice, the differentiation of chondroprogenitors is completed and
cartilaginous templates of future bone form by embryonic day (E) 12.5. However, it was
recently shown that bone eminences appear only 2 days after this primary template has been
established (Blitz et al., 2013). This finding has raised intriguing questions regarding the
process by which bone eminences and tendon-bone attachment units form. Genetic lineage
experiments have probed the question of cellular origin of bone eminences. Recently, it was
revealed that bone eminence cells are not descendants of chondrocytes that populate the
primary cartilaginous template, but rather an external module derived by a pool of
progenitors that are added onto the already existing primary template. The differentiation
state of the cartilaginous template at murine E12.5 revealed fields of undifferentiated cells at
locations of presumptive bone eminences, next to the differentiated chondrocytes that
formed the primary template. Additional sets of genetic lineage experiments demonstrated
that the modularity had already begun at the specification stage, as eminence progenitors
were specified separately and later than those of the primary cartilage (Blitz et al., 2013).

The development of the bone eminence as a distinct module is also manifested at the
molecular level. Gene expression analyses showed that, unlike progenitors of the primary
cartilage that express only Sox9, eminence progenitors at various attachment sites along with
the skeleton express both Sox9 and scleraxis (Scx; Figure 1; Blitz et al., 2013; Sugimoto et
al., 2013). The coexpression of Sox9 and Scx by attachment unit progenitors was also
demonstrated by cell lineage analyses, showing that cells at tendon insertion sites originate
from a Sox9-positive lineage (Akiyama et al., 2005) and that eminence chondrocytes
originate from an Scx-positive lineage (Sugimoto et al., 2013). Sox9 is a key molecule in
differentiation of mesenchymal cells to chondrocytes (Akiyama et al., 2002). This gene is
continuously expressed by all chondroprogenitors and chondrocytes during chondrogenesis
(Ng et al., 1997; Zhao et al., 1997; Dy et al., 2012). Scx is a bHLH transcription factor that is
expressed by progenitors and cells of all tendinous tissues and regulates their differentiation
(Cserjesi et al., 1995; Schweitzer et al., 2001; Murchison et al., 2007).

The development of the tendon attachment unit as a separate module may offer several
benefits. Mechanistically, modularity provides a checkpoint to control the assembly of the
musculoskeletal system. This checkpoint may increase the robustness of the assembly
process, as a modular component can coordinate between the bone and the attaching tendon
without interference with the construction of the entire bone. The modular strategy of bone
morphogenesis also has an evolutionary advantage, as modules can be easily added or
removed, instead of reshaping the whole structure of the bone.

There are still many open questions regarding the newly discovered modularity in
attachment unit development. Elucidating the embryonic origin of the modular pool will
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inform us whether it is derived from the lateral plate, as limb cartilage and tendons, or from
another compartment in the embryo. Identification of additional genetic markers for
eminence cell lineage would provide a powerful tool for studying the origin of the cells at
the tendon—bone interface, as well as signaling between cartilage and tendons during their
assembly.

THE “SEGREGATION” MODEL OF TENDON-BONE ATTACHMENT UNIT FORMATION

Modularity offers a new perspective on the fundamental question of how tendons and bones
are assembled into one unit. During development, the connection of cartilage and tendon
may be formed following differentiation. This would require a complex signaling
mechanism to direct tendon to its designated insertion site. Another possibility is that both
tissues of the unit are derived from a common pool of progenitor cells, which through
differentiation diverges into tendon or cartilage (Figure 2). The advantage of such a strategy,
to which we refer as the segregation model, is that it does not require a guidance mechanism
for tendon, as both tissues form in situ. Furthermore, this strategy provides a high level of
cellular plasticity, which is necessary to form the extremely diverse and complex
morphology of the tendon—bone attachment. The notion of pluripotent “tenochondral”
progenitor cells was previously suggested in a study on Sox57/~Sox6~/~ double-mutant
mouse embryos, in which cartilage differentiation was compromised by the expansion of Scx
expression in the early sclerotome (Brent et al., 2005).

The segregation model requires the existence of a common pool of Scx- and Sox9-positive
progenitors. In addition to the previously mentioned lineage analyses, loss-of-function
studies further support this notion. Conditional knockout experiments demonstrated that
Sox9 expression by Scx-positive cells is essential for the establishment of the tendon—bone
attachment (Blitz et al., 2013; Sugimoto et al., 2013). Another prediction of the segregation
model is that the common pool of Scx- and Sox9-positive progenitors should be gradually
reduced, as cells differentiate to become tenocytes or chondrocytes. Indeed, expression
analyses showed that the large fields of Scx- and Sox9-positive attachment progenitors seen
at E11.5 reduce in size during development. By E13.5, when the population has completely
segregated to Scx-expressing tenocytes and Sox9-expressing chondrocytes, the double-
positive cells were no longer detectable (Blitz et al., 2013).

The segregation model suggests a number of research topics for future studies. These
include the molecular regulation of the lineage divergence process and the interactions
between Scx and Sox9 during specification and differentiation of the common progenitor
pool.

The Molecular Mechanisms That Regulate Tendon—-Bone Attachment Unit

Development

The discovery of a new pool of Scx- and Sox9-positive progenitors that forms the tendon—
bone attachment module prompted a search for the molecular mechanisms that regulates
these cells. One approach for identifying molecular players in attachment unit formation is
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to analyze mutants that lack bone eminences. Indeed, this approach has uncovered several
pathways that are suspected to regulate attachment unit development.

Conditional knockout of TgfAr1l in limb mesenchyme demonstrated that the TGF/ signaling
pathway regulates specification of eminence progenitors (Blitz et al., 2013). The role of
TGF/% in skeletogenesis has long been controversial. Gain-of-function studies in cell culture
models have suggested that TGFStriggers chondrogenesis (Kulyk et al., 1989; Carrington et
al., 1991; Leonard et al., 1991; Chimal-Monroy and Diaz de Leon, 1997; Merino et al.,
1998; Verrecchia and Mauviel, 2002). However, ablation of Tgff receptor in limb
mesenchyme in vivo had a mild effect on chondrocyte differentiation and on joint formation
in the digits (Verrecchia and Mauviel, 2002; Seo and Serra, 2007; Spagnoli et al., 2007).
The finding that TGF£ signaling regulates specification of eminence progenitors may
resolve the uncertainty surrounding the role of this pathway in skeletogenesis. Although this
pathway regulates chondrogenesis, its influence is limited to the secondary pools of
progenitors that establish the cartilaginous side of the tendon attachment. The fact that TGFf
signaling regulates eminence progenitors exclusively supports the existence of two distinct,
separately regulated pools of progenitors that contribute to the formation of the long bone,
and thereby reinforce the concept of modularity.

Previous studies indicated that TGF/A signaling is also necessary for tendon formation in the
limb. Disruption of TGF/ signaling by genetic ablation of the receptor TgfA1l in limb
mesenchyme of mouse embryos, or by ablation of Tgf51 and Tgf/2, resulted in the complete
loss of all tendon tissue (Pryce et al., 2009). Moreover, TGF/ was suggested to coordinate
cartilage and tendon differentiation during limb development (Lorda-Diez et al., 2009). It is
therefore tempting to assume that by regulating both tendon and bone eminence progenitors,
TGF/signaling is a key regulator of tendon—bone attachment unit formation.

Another molecular pathway that was shown to be involved in bone eminence formation is
BMP4 signaling. Conditional knockout of Bmp4 in limb mesenchyme blocked the
differentiation of bone eminence progenitors to cartilage (Figure 3; Blitz et al., 2013).
Another study showed that Bmp4 expression under the regulation of Scx at the tendon—
cartilage junction induces bone eminence formation (Blitz et al., 2013). Both of these studies
suggest that the SCX/BMP4 pathway plays a major role in bone eminence and tendon-bone
attachment unit development.

There are still many open questions regarding the molecular pathways involved in tendon
attachment unit formation. Given that not all bone eminences were lost in Bmp4-depleted
limbs, it is possible that other BMPs are involved in the regulation of attachment unit
development at different stages. Promising candidates are BMP2 and BMP7. Abrogation of
the expression of their receptor Bmprla in limb mesenchyme led to the formation of a
humerus devoid of eminences, such as the deltoid tuberosity (Ovchinnikov et al., 2006).
BMP5 should also be considered, as dominant-negative Bmp5 mutation in mice has led to
alteration in bone eminence formation (Ho et al., 2008). Additionally, other molecules that
might be involved in tendon-bone attachment unit development are the fibroblast growth
factors (FGFs), which have been implicated in skeletal morphogenesis and tendon
formation. Inactivation of both Fgfr1 and Fgfr2 in limb mesenchyme led to skeletal
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malformation (Yu and Ornitz, 2008). Other studies in mouse and chick have shown that
FGF signaling is involved in tendon development by inducing Scx expression in the limb
during embryogenesis (Edom-Vovard et al., 2002; Pryce et al., 2009). Moreover, the
expression of Fgf8 and Fgf4 in tendon insertion into muscles and the induction of Scx
expression in muscle-less limbs by exogenous FGF imply a role for FGF in tendon
differentiation through muscles (Edom-Vovard et al., 2002; Eloy-Trinquet et al., 2009).

The role of these candidate molecules and others in tendon-bone attachment unit formation

and bone eminence development can be illuminated by examination of various mutants that

lack bone eminences and by gene profiling of cells at the interface. It will also be interesting
to study the interactions of those molecules with TGFfFand SCX-BMP4 signaling.

Mineralization of the Tendon—-Bone Attachment Unit

The fetal events described above define the cell populations and specification of eminences
that lead to the mineralized tendon enthesis seen in the mature attachment. Mineralization of
the tendon attachment unit occurs via mechanisms similar to those described for the growth
plate. In the mouse, a mineral gradient is evident near the maturing rotator cuff enthesis as
early as 1 week after birth (Schwartz et al., 2012). The mineral gradient coincides with the
mineralizing front of the secondary ossification center in the humeral head (Schwartz et al.,
2012). During early stages of postnatal enthesis maturation, the mineral gradient becomes
separated from the developing tendon by a region of epiphyseal cartilage that has yet to be
mineralized. In a murine model, the gradient gradually moves into the developing
transitional tissue of the tendon—bone attachment unit as the epiphyseal cartilage is
mineralized between the first 2 weeks of postnatal growth (Figure 4). This process of
endochondral ossification is likely regulated by the autocrine/paracrine signaling of Indian
hedgehog (Ihh) and parathyroid hormone-related protein (PTHrP; Vortkamp et al., 1996; St.
Jacques et al., 1999; Broadus et al., 2007). Ihh is expressed by prehypertrophic and early
hypertrophic chondrocytes entering the early stages of terminal differentiation. This
molecule stimulates the proliferating chondrocytes by binding the membrane receptor
Patched (Ptch), which activates the membrane receptor Smoothened (Smo) and stimulates
synthesis of PTHrP. PTHrP expression then blocks further expression of IHH, establishing a
negative feedback loop to provide fine control over the rate of chondrocyte proliferation and
maturation. Precise spatial and temporal control over these and other extracellular signaling
molecules and transcription factors is critical to endochondral mineralization.

The role of IHH/PthrP signaling for mineralization of the tendon—bone attachment unit has
been explored using a number of mouse models. Factors important to growth plate function,
including PTHrP, IHH, SOXO9, and type X collagen, have been identified at the developing
enthesis and likely influence the development of an attachment with a gradient in mineral
(Bland and Ashhurst, 1997, 2001; Fujioka et al., 1997; Chen et al., 2006; Galatz et al.,
2007). PTHrP has been shown to localize at tendon and ligament entheses during postnatal
time points (Chen et al., 2006, 2007). More specifically, PTHrP localizes within a group of
fibrochondroblast-like cells in the intermediate zone between the tendon proper and the
transitional tissue that inserts into the underlying cortical bone (Chen et al., 2006).
Furthermore, PTHrP has been generally localized to periosteal cells in addition to cells that
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will form the secondary ossification center of long bones (Chen et al., 2006). Elevated
expression of PTHrP at tendon-to-bone entheses suggests that PTHrP plays an important
role in modeling the mineralized interface during skeletal maturation. In the growth plate,
PTHrP maintains chondrocyte proliferation and inhibits maturation and mineralization
(Provot and Schipani, 2005). Consistent with this, conditional deletion of PTHrP in SCX-
expressing cells led to impaired modeling at multiple enthesis sites (Wang et al., 2013).
Without PTHTrP, the ability for osteoclasts to excavate and/or migrate with fibrous entheses
during linear growth of the long bones was limited (Wang et al., 2013). For example,
migration of the medial collateral ligament, a normally fibrous enthesis, was arrested during
growth when PTHrP was deleted. In this case, the ligament prematurely anchored to the
tibia and a large, hypermineralized tuberosity forms instead of the normal tibial crest (Figure
5). The authors concluded that PTHrP is deployed at developing tendon/ligament attachment
sites as a modeling tool that directs osteoclasts to excavate the root system by which these
sites attach to the cortical surface.

Similarly, expression of Ihh and related molecules have been identified at the developing
tendon-to-bone attachment (Blitz et al., 2009; Liu et al., 2012a; Liu et al., 2013). To test for
a functional role of Hedgehog signaling, Liu et al. (2013) targeted Smo in Scx-expressing
cells. Constitutive activation of Ihh in Scx-expressing cells caused enthesis markers, such as
type Il collagen, biglycan, and tenascin-C, to be expressed in the tendon midsubstance,
where they are not normally expressed. In contrast, deletion of Smo throughout the
development in Scx-expressing cells impaired the formation of a fibrocartilaginous tendon-
to-bone attachment. This was associated with downregulation of genes involved in
chondrogenesis and mineralization at the enthesis, as well as downregulation of enthesis
markers. Functionally, patellar tendons that developed in the absence of Ihh signaling were
weaker than normal. These studies demonstrate a critical role for PthrP/IHH signaling for
the maturation of a functional tendon enthesis.

The Role of Mechanical Loading on Tendon—-Bone Attachment Unit

Initiation, Growth, and Mineralization

A complex synergy between biophysical cues and biological processes gives rise to the
complex structure and composition of tendon—bone attachment units. Biophysical cues drive
developmental patterning and growth in the fetal and postnatal musculoskeletal system
(Carter et al., 2007). Bones, tendons, muscles, and joints are patterned in utero and
maturation continues through the early postnatal period. The impact of muscle loading on
embryonic development has been examined in several animal models. Muscle contractions
in utero begin early in embryonic development and are crucial for the development of
sesamoid bones, the knee meniscus, and proper bone and joint formation (Nowlan et al.,
2010). The magnitude of in utero forces increases dramatically when increases in muscle
volume are coupled with the forces that result from bone elongation (Sharir et al., 2011). In
the absence of muscle forces, defects in bone size, shape, and mineralization can occur
(Mikic et al., 2000; Osborne et al., 2002; Gomez et al., 2007; Sharir et al., 2011). For
example, joint cavitation does not initiate, leading to bone fusion (Mikic et al., 2000; Kahn
etal., 2009).
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Muscle contraction also has a role in the formation of tendon—bone attachment tissue. The
involvement of muscle-induced mechanical load in bone eminence formation was first
demonstrated by transplantation experiments, in which bone eminences, such as the humeral
deltoid tuberosity, reduced in size when the humerus was transplanted to the umbilical cord
(Hamburger, 1938, 1939; Hamburger and Waugh, 1940). Other studies on immaobilized
chick embryos (Hall and Herring, 1990; Hosseini and Hogg, 1991) and on mice that lacked
skeletal muscles or muscle contractility reported loss of the deltoid tuberosity (Pai, 1965;
Tremblay et al., 1998; Rot-Nikcevic et al., 2006). The effect of mechanical load on bone
eminences extends beyond embryonic development, as human patients with deltoid muscle
contracture exhibit enlarged deltoid tuberosity (Ogawa et al., 1999).

The necessity of muscle loading on musculoskeletal development and the specific finding
that bone eminences are initiated as cartilaginous elements early during development
suggested the involvement of mechanical load in attachment unit formation. Surprisingly,
using muscle-less and paralyzed mice, it was demonstrated that muscle contraction does not
control the initial steps of specification and differentiation during bone eminence
development. However, muscle force did regulate eminence growth by controlling cell
proliferation (Blitz et al., 2009; Kahn et al., 2009), implying that bone eminences develop in
a biphasic process of initiation and growth (Figure 6). During the initiation phase, eminence
progenitors are specified and differentiate to cartilage, whereas during the growth phase,
chondrocytes proliferate and extend into an eminence. The reason for the selection of such a
biphasic developmental process may lie in the need of the attachment site to supply
sufficient initial anchoring capabilities prior to muscle growth and increased force
generation. Thus, the regulation of bone eminence initiation is predetermined. Once
anchoring is achieved, muscle forces can be transmitted across the attachment without
rupturing the connection, and regulation of growth and mineralization can be coupled to
muscle activity. This sequence allows for tight and dynamic coordination between the
applied physical stress and anchoring and force dissipation capabilities.

As tendon growth and maturation require the presence of muscles (Kieny and Chevallier,
1979; Kardon, 1998; Schweitzer et al., 2001; Edom-Vovard et al., 2002; Bonnin et al., 2005;
Brent et al., 2005), the role of tendons in the second phase of growth is yet to be determined.
It is possible that tendons secrete specific factors in response to muscle contraction. Another
conjecture is that tendons passively transmit muscle-induced mechanical load to eminences
and thereby stimulate their growth.

The final phase of tendon enthesis formation involves mineralization of the tendon-bone
attachment unit. The role of mechanical loading on this process has been studied extensively
in the rotator cuff attachments to the humeral head. When examining the developing rotator
cuff of the shoulder, the supraspinatus neotendon was evident adjacent to the developing
humeral head bone at E15.5 (Galatz et al., 2007). In contrast, the mature insertion, defined
by the appearance of a mineralized fibrocartilaginous transitional tissue, was not identified
until after birth (Galatz et al., 2007; Schwartz et al., 2012). Paralysis of the rotator cuff
muscles at birth led to substantial decreases in muscle volume and force across the
developing tendon—bone attachment unit when compared with controls, as well as striking
changes in tendon enthesis maturation (Figure 7; Thomopoulos et al., 2007; Kim et al.,
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2009, 2010; Das et al., 2011; Schwartz et al., 2013). Unloading caused severe mineralization
defects in the humeral head, including reduced overall volume, morphological changes, and
a shift in mineral crystal characteristics (Thomopoulos et al., 2007; Schwartz et al., 2012).
Removal of muscle loading also affected the development of a fibrocartilaginous transition
at the enthesis. Based on histological analysis, little to no fibrocartilage was observed in the
enthesis after 8 weeks of paralysis (Thomopoulos et al., 2007). Collagen fiber alignment
indicated that fibers were more disorganized in unloaded shoulders when compared with
saline controls of mice (Schwartz et al., 2013). Impaired mineralization, disordered fiber
alignment, and a loss of fibrocartilage transitional tissue likely contribute to the overall
inferior mechanical properties of tendon entheses that developed in the absence of postnatal
muscle loads (Schwartz et al., 2013). Structural mechanical properties (e.g., maximum force
and stiffness) and material mechanical properties (e.g., maximum stress and modulus) were
decreased in animals with paralyzed shoulders. Thus, perturbations in mechanical cues, even
after birth, can have a dramatic influence on the development and maturation of the tendon
enthesis.

Future studies may uncover the molecules that sense and transduce mechanical load to
induce the growth of bone eminences and the formation of the tendon enthesis. Candidate
molecules include members of many distinct families implicated in mechanotransduction
pathways and tendon—bone attachment unit development. These include growth factors such
as TGFg, BMP, and FGF, hedgehog family members, such as IHH, matrix
metalloproteinases, such as MMP-1 and MMP-13, and angiogenic factors, such as VEGF
(Henderson and Carter, 2002). For example, Ihh expression in chondrocyte cultures is
upregulated in response to tensile stretching and is required for increased proliferation (Wu
et al., 2001). This mechanically driven response is mediated downstream by BMP-2 and
BMP-4 and does not involve PTHrP (Wu et al., 2001). Additionally, PTHrP has also been
implicated in mechanotransduction pathways independent of interactions with IHH (Chen et
al., 2007; Xu et al., 2013). Chen et al. (2007) observed a significant decrease in PTHrP
expression following tendon enthesis unloading via tail suspension or tendon transection.
Additionally, PTHrP may be regulated by both magnitude and duration of load. For
example, cyclic tensile loading in chondrocyte cultures implicated this molecule in the
regulation of chondrocyte behavior during prehypertrophic and hypertrophic phases (Xu et
al., 2013).

PERSPECTIVES/CONCLUSIONS

The formation of a functional tendon—bone attachment unit requires both biomolecular and
biophysical cues. A number of critical molecular signals have been identified, including
TGFfand BMP for initiation of growth and IHH/PTHrP for mineralization and maturation.
Furthermore, experiments at fetal and postnatal time points have demonstrated the
importance of muscle loading in the formation of a functional tendon—bone attachment unit.
Spatial gradients in these signals across the attachment unit are likely necessary to initiate
and maintain the gradients in cell phenotypes, extracellular matrix composition, and
subsequent mechanical properties of the mature enthesis.
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The development of the attachment unit has only recently been studied. Although numerous
experiments have been conducted over the past few decades on bone, muscle, cartilage, and
tendon development, an integrative perspective of these tissues and their interactions has
been lacking. Studies in the past few years have elucidated the signaling between tendon and
presumptive bone that leads to the formation of an attachment unit. However, despite the
recent appreciation and study of attachments, a number of questions remain about how this
attachment system forms and how we might use that knowledge to enhance tendon-to-bone
healing in the clinical setting:

e What is the embryonic origin of the modular pool of cells that initiates eminence
and tendon attachment unit formation? Are these cells derived from the lateral plate
like limb cartilage and tendons or are they derived from another compartment in the
embryo?

» How do gradients in cell phenotypes and extracellular matrix composition develop?
Furthermore, how are these gradients maintained in the mature enthesis? Using
endochondral ossification as a model, one would expect the chondrocytes that
mineralize the enthesis to hypertrophy and undergo apoptosis. In contrast to the
sequence of events described for endochondral ossification, the cells that populate
the mature enthesis maintain their phenotype and a gradient of mineral through
maturity.

»  What are the particular paracrine signals that drive development, and what role
does mechanical loading play in the process? The recent identification of a pool of
Scx-Sox9-positive cells at the developing attachment unit leads to the question of
how specification and differentiation are regulated in these cells.

»  Are the cells that form the tendon attachment unit and populate the mature enthesis
unique from tenocytes, chondrocytes, and osteoblasts? It was previously
understood that compressive stresses at the tendon—bone interface prompted local
tendon cells to become “fibrochondrocytes” (Benjamin and Ralphs, 1998).
Although compression of adult tendon fibroblasts does indeed lead to production of
cartilage-like extracellular matrix, recent work indicates that a progenitor cell
population expressing markers of tendoprogenitors and chondroprogenitors
populate the enthesis (Blitz et al., 2013; Sugimoto et al., 2013). It remains unclear,
however, if these enthesis cells have a unique phenotype or if they are
subpopulations of the classically described tenocyte, chondrocyte, and osteoblast
lineages.

«  Finally, how can this information be used to regenerate the enthesis in the adult
repair setting? Can a progenitor cell population be delivered to the repair site with
the appropriate molecular signals to form an attachment unit following the
developmental program?

Answers to these and related questions may allow researchers to propose novel biological
and engineering solutions for enthesis injuries and pathologies. As current clinical care of
these injuries is unsatisfactory, new treatment modalities could have a significant impact on
clinical care.
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NOMENCLATURE

In this review, we refer the embryonic attachment tissue as attachment unit, whereas the
mature tissue is referred to as enthesis.

Tendon enthesis: The attachment point of tendon to mature bone.

Tendon-bone attachment unit: The fetal structure of tendon precursor attaching to
bone precursor.

Bone eminence: A protuberance or projection from the surface of a bone (e.g.,
ridge and tuberosity).

Chondroprogenitor: A cell that is fated to differentiate into a chondrocyte.
Tenoprogenitor: A cell that is fated to differentiate into a tenocyte.

SCX: Scleraxis is a member of the basic helix-loop-helix superfamily and is a
transcription factor necessary for tendon development.

SOX9: (Sex-determining region Y)-box 9 is a transcription factor that is necessary
for chondrocyte differentiation.

TGF-£. Transforming growth factor-gis a family of growth factors that is involved
in cell differentiation, proliferation, and other functions.

BMP4: Bone morphogenetic protein 4 is a member of the transforming growth
factor superfamily and is involved in endochondral bone formation.

IHH: Indian hedgehog is a member of the hedgehog family of secreted signaling
molecules and is involved in bone growth and differentiation.

PTHrP: Parathyroid hormone-related protein is a member of the parathyroid
hormone family and is involved in endochondral bone development.
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E115

E12.5

FIGURE 1.
Bone eminence progenitors coexpress Sox9 and Scx. A (top row) and B (bottom row):

Double fluorescence in situ hybridization of sagittal humerus sections from E11.5 to E12.5
wild-type mice, using antisense complementary RNA probes for Sox9 (green) and Scx (red).
Blue arrows demarcate a field from which the deltoid and great tuberosities develop; box
shows enlargement of eminence progenitors expressing both Sox9 and Scx (Blitz et al.,
2013).
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FIGURE 2.
Schematic model for attachment unit formation in situ by segregation of a common

progenitor pool to tenocytes and chondrocytes. At the onset (I), the bone anlage comprises
differentiated chondrocytes (gray), and the attachment unit domain contains Sox9/Scx-
positive progenitors (green). Next (11 and I11), progenitor cells gradually differentiate to
tendon cells from one side (purple) and cartilage cells on the other side (gray) and form the
attachment unit (V). Although specification of attachment unit is regulated by TGF3
signaling (1), their differentiation to chondrocytes is regulated by BMP4 signaling from
tendon progenitor cells (Blitz et al., 2013).
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Control

Prx1-BMP4

COL2al

FIGURE 3.
Immunofluorescence staining of humeral sections using anticollagen 1l (COL2A1) is shown

in red, and anti-SOX9 antibodies in green indicates the presence of eminence progenitors at
the deltoid tuberosity of the humeral head. Sections from E14.5 control and Prx1-Bmp4
mutants show that conditional knockout of Bmp4 in limb mesenchyme blocked the
differentiation of bone eminence progenitors to cartilage. White lines mark the progenitor
pool from which the deltoid tuberosity develops (Blitz et al., 2013).
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FIGURE 4.

Spatial gradients in mineral (as determined using Raman spectroscopy) form between

18
e 7 days |
o16r e 10days +
;:6 ® 14days ¥ & =
514 ® 56 days :
D42 !
i"m ot -_—
= | —ety
S ‘_;% ——
8 »
X " e
5 & 4
= 6 o —— _* 4
S 4 o )
£ ‘ —4—
£, ol N 8
v M - ——
0 20 0 0 40 60 80 100 120 140
Distance to tendon (um)

Page 19

tendon and bone at the developing entheses from the onset of endochondral ossification (7
days in the mouse supraspinatus tendon enthesis, as shown in the Von Kossa/Toluidine Blue

stained sections on the left). Reproduced with permission from Schwartz et al., 2012.
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FIGURE 5.
Conditional deletion of PTHrP from Scx-expressing cells led to defects in medial collateral

ligament (MCL) enthesis mineralization. A normal MCL enthesis is shown in (A). Note the
tuberosity and distortion in (B) and (C) and the mineralization within the tuberosity and
tendon itself in (C). The MCL tendon is identified by arrows in (A) and (C), and the enthesis
site by arrowheads in (A)—(C). Reproduced with permission from Wang et al., 2013.
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FIGURE 6.
Blitz et al. (2009) suggested a model for the contribution of both tendons and muscles to

bone eminence formation. Through a biphasic process, tendons regulate bone eminence
initiation, and muscles control its subsequent growth. Further research is necessary to
determine the mechanism whereby muscle contraction regulates eminence development.
Reproduced with permission from Blitz et al., 20009.

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2015 March 01.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Zelzer etal.

Normal

Saline

56 days

20

Maximum Stress (MPa)
w o

o

28
* p<0.05 Age (days)

FIGURE 7.

sy l

FN
o u o
o © O

Young's Modulus (MPa)
o NN WWw
u o uwow
O O O O O

o

. 2 &a
200um scale bar

® Normal
m Saline

M Botox

8 56
Age (days)

Page 22

Muscle paralysis dramatically impaired the development of the supraspinatus tendon-to-
bone enthesis in mice. Top: A mature, compositionally graded enthesis (“e”) is seen 56 days

postnatally in normal mice (scale bar =200 um). In contrast, the enthesis in paralyzed

shoulders appears disorganized, without a graded fibrocartilaginous transition between the
supraspinatus tendon (“s”) and the humeral head bone (“h”). Reproduced with permission
from Thomopoulos et al., 2007. Bottom: Maximum stress and modulus were significantly
lower in the paralyzed group when compared with the normal and saline groups.

Reproduced with permission from Schwartz et al., 2013.
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