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Abstract

Each extracellular matrix (ECM) throughout the body has specific physical properties. However, very little
is known about how tissue-specific physical properties such as ECM elastic modulus are established or
maintained. The fine regulation of ECM elastic modulus is particularly apparent in the skeleton where the
material properties of bone are anatomically distinct, developmentally regulated, and evolutionarily
conserved. Consequently, the skeleton has served as an excellent model system in which to study
mechanisms that define tissue-specific material properties and couple them to tissue-specific function.
Using this approach, we found that the uniquely hard ECM of cochlear bone is regulated through the activity
of the lineage-specific transcription factor Runx2 via the same TGFp-dependent pathway that controls
osteoblast differentiation and ECM protein expression. Furthermore, this regulation is essential for tissue-
specific function in hearing. While the mechanisms by which TGFp regulates ECM material properties are
currently most well-defined, they likely serve as an example for other signaling pathways. It is possible that
similar mechanisms are active in non-skeletal tissues, such that growth factors target lineage-specific
transcription factors to define ECM material properties of other tissues. By examining the role of bone quality
in hearing, this article will explore mechanisms by which tissue-specific material properties are established
and linked to normal tissue function. IBMS BoneKEy. 2011 August;8(8):370-380.
©2011 International Bone & Mineral Society

Introduction

What is the hardest bone in the body? A
search through the literature for the answer
leads to fascinating studies of bones from
wallabies to whales (1). Using machined
specimens of mineralized tissues from many
species, Currey performed three-point
bending to determine the hardness and
elastic modulus of each. Hardness and
elastic modulus are two of many material
properties, which are independent of sample
size or geometry. Elastic modulus reflects
the ability of tissue to resist deformation.
Currey’s studies reveal a surprising diversity
in bone elastic modulus within an individual
organism, let alone across the animal
kingdom (Table 1) (1). Taking advantage of
nanoindentation to measure the elastic
modulus of much smaller bones, we found
that mouse bone also has a range of

material properties. For example, the elastic
modulus of the cochlear bone extracellular
matrix (30 GPa) is more than twice that of
the nearby calvarial bone (14 GPa) (Fig. 1)
(2). This result was satisfyingly consistent
with Currey’s finding that the ear bone of the
fin whale had the highest elastic modulus
(34 GPa), as well as many clinical claims
that cochlear bone is harder than any other

).

Rather than satisfy our curiosity, these
findings made clear that the elastic modulus
of bone is carefully specified in a manner
that is developmentally regulated,
anatomically distinct, and evolutionarily
conserved (1;2). However, very little is
known about the mechanisms by which
bone matrix material properties are
regulated. Building on what we learned
about the uniquely hard bone of the cochlea,
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this article seeks to explore two compelling are the precisely calibrated material
questions. First, how are the anatomically properties of a specific bone required for its
distinct material properties of bone, or any function?

tissue, specified and maintained? Second,

Table 1. The diversity in bone elastic modulus within individual organisms.

E
Species and tissue (GPa)
Polar bear (3 months), femur 6.7
Red deer, mature antler 7.2
Red deer, immature antler 10.0
Narwhal, tusk dentine 10.3
Polar bear (9 months), femur 11.2
Donkey, radius 15.3
Polar bear (3 years, femur) 16.5
Human (adult), femur 16.7
Sarus crane, ossified tendon 17.7
Roe deer, femur 18.4
Polar bear (3.5 years), femur 18.5
Cow, tibia 19.7
Wallaby, femur 21.8
Polar bear, femur 22.2
King penguin, humerus 22.8
King penguin, ulna 22.9
Sarus crane, tarsometatarsus 23.1
Sarus crane, tibiotarsus 23.5
Horse, femur 24.5
Wallaby, tibia 254
Fallow deer, radius 25.5
Cow, femur 26.1
Fallow deer, tibia 26.8
Flamingo, tibiotarsus 28.2
Axis deer, femur 31.6
Fin whale, ear bone 341

E, Young's modulus of elasticity. All values are the mean of the values of several
specimens. Reprinted from (1) with permission from Elsevier.
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Fig. 1. Nanoindentation analyses of several mouse bones affirms that material properties are anatomically
distinct. Reprinted from (2).
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Material Properties of Extracellular
Matrices Are Carefully Regulated

The material properties of tissues are largely
defined by each tissue’s unique extracellular
matrix  (ECM).  Tissue-specific ECM
composition and organization confer a wide
range of elastic moduli that spans several
orders of magnitude, from compliant nerve
and lung tissue to stiffer cartilage, bone and
enamel (4). While hydroxyapatite is
responsible for the high elastic modulus of
mineralized tissues (5), the organic
components of the extracellular matrix also
play a critical but less well-defined role in
defining material properties (6-9). Despite
this extraordinary range of elastic moduli,
ECM material properties are finely tuned
throughout development to support the
evolving mechanical requirements of the
tissue (4;5). For example, the stiffness of
mammary tissue increases throughout
pregnancy to facilitate the demands of
lactation (4). ECM material properties also
change in disease. ECM elastic modulus is
increased by fibrosis and malignancy,
resulting in palpable “lumps” (4), whereas it
is decreased in degenerating osteoarthritic
cartilage (10;11). Much remains to be
learned about the mechanisms responsible
for the developmental or pathological
changes in ECM material properties.

In addition to their structural role, ECM
material properties provide critical cues that
direct cellular function. Through a process
termed mechanoreciprocity, cells sense and
respond to ECM elastic modulus using
mechanoreceptors, integrins, actin, myosin
and other cytoskeletal proteins (4). The cell
translates these physical cues into
biochemical signals that lead to specific
changes in cell proliferation, lineage
selection, differentiation, migration and
transformation (12-14). Accordingly,
disruption of ECM material properties can
exacerbate disease progression (12).
Therefore, understanding the mechanisms
by which ECM material properties are
established, maintained, and disrupted is
critical to our understanding of development
and disease.

TGFp Regulation of ECM Elastic Modulus

The first identified biological regulators of
ECM elastic modulus, TGFp and
glucocorticoids, were found by studying the
skeleton (6;15). Using pharmacologic
antagonists of TGFf signaling and several
genetically-modified mouse lines, we found
that TGFB regulates bone matrix elastic
modulus through a pathway that includes
the TGFp type | and type Il receptors and
the downstream transcriptional effector,
Smad3 (6;16). Bone ECM elastic modulus
was reduced by high levels of TGFp activity
but was increased by partial TGFp inhibition.
Remarkably, the same trend was observed
in dentin and skin (17;18). The possibility
that TGFB regulates ECM material
properties in multiple tissue types is
consistent with its well-known role in the
regulation of ECM protein synthesis.

We sought to identify downstream effectors
of the TGFp pathway in the control of bone
ECM elastic modulus. In vitro, a downstream
target of TGFB is the osteogenic
transcription factor Runx2. Runx2 integrates
signals from TGFp and other bone-
metabolic pathways to direct osteoblast
gene expression (19). TGFB represses
Runx2 function and inhibits terminal
osteoblast differentiation through a Smad3-
and class |l histone deacetylase-dependent
pathway (20;21). We hypothesized that
Runx2 was also a target of TGFf repression
in the control of ECM elastic modulus. Since
Runx2-deficient mice are not viable, this
hypothesis was tested in Runx2(+/-) mice.

Runx2-Dependent Regulation of Bone
ECM Elastic Modulus

Studies of Runx2(+/-) mouse bone revealed
that ECM elastic modulus is calibrated by
this lineage-specific transcription factor (2).
Furthermore, TGFpB represses Runx2
function to control ECM elastic modulus just
as it does to control osteoblast
differentiation. While retrospectively intuitive,
this was the first observation that the
physical properties of an ECM are regulated
through the same growth factor/transcription
factor pathway that controls the expression
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of genes encoding tissue-specific ECM
proteins such as osteocalcin (OCN) (20).

What is the target of TGFB/Runx2 in the
control of ECM elastic modulus? TGFf and
Runx2 co-regulate the expression of several
osteoblast-secreted proteins including
osteopontin (OPN), matrix
metalloproteinase-13 (MMP-13), RANKL
and others (22). Some of these are already
known to impact the material properties of
bone matrix directly or indirectly. For
example, OPN and OCN can regulate the
size, shape, and rate of mineral crystal
formation in vitro and can impact the mineral
composition or organization of bone matrix
in vivo (7;8;23;24). MMP13 may affect
material properties by degrading the organic
components of bone matrix, whereas
RANKL may alter material properties by
accelerating osteoclast activity and bone
turnover (25). We and others have observed
that ablation of either OPN or OCN in mice
affects bone ECM material properties (7;8).
However, the role of these factors as
downstream targets of TGFp and Runx2 in
the control of bone ECM material properties
is either not supported (OPN) or not yet
known (OCN). The role of MMPs in the
control of ECM material properties is under
investigation. MMP-2 was recently shown to
modulate bone matrix material properties
(26). Likely, a combination of extracellular
proteins is co-regulated by glucocorticoids,
TGFB, Runx2, and other factors to confer
anatomically distinct ECM material
properties. Although the mechanisms of
specificity are not yet known, we do know
that the material properties of bone matrix
are not simply a product of the extent of
osteoblast differentiation. None of the
markers of osteoblast differentiation that we
examined were expressed in a gradient that
corresponded to the gradient of ECM elastic
modulus (cochlea > femur > tibia > calvaria)
(unpublished observations).

A General Mechanism for the Regulation
of ECM Material Properties?

The mechanisms identified in bone, in which
TGFp targets the lineage-specific
transcription factor Runx2 to in some way
control ECM elastic modulus, may be
relevant in multiple tissue types. TGF( or

other regulators may target lineage-specific
transcription factors in other tissues to
control ECM protein expression, ECM
composition and organization, and
consequently, ECM material properties.
Already, TGFpB is known to control the
activity of c/EBP-f in adipocytes (27), MyoD
in myoblasts (28), and Sox9 in chondrocytes
(29). The extent to which this hypothesis can
be validated in tissues other than bone
remains an area of active investigation.

Regulation of ECM Material Properties Is
Essential for Tissue-Specific Function

The fact that bone matrix material properties
are anatomically distinct and evolutionarily
conserved suggests that they may also be
functionally  essential (1;2). However,
discrimination of the functional contribution
of ECM material properties in long bone is
difficult because of the many factors that
influence fracture resistance. The ability of
bone to resist fracture depends on bone
mass and bone quality. In addition to ECM
material properties, bone quality is the result
of multiple parameters including trabecular
architecture, microdamage, and geometry
(30). Furthermore, experimental
manipulations that alter ECM elastic
modulus (TGFp, glucocorticoids, or Runx2
function) simultaneously affect many
aspects of bone mass and quality
(16;31;32).

In contrast, the uniquely hard cochlear bone
afforded the opportunity to examine the
contribution of ECM elastic modulus to a
different functional outcome — hearing. If
ECM material properties are calibrated for
tissue-specific function, then loss of this
regulation would be expected to impair
tissue function. Aside from the experimental
advantages, this hypothesis was supported
by clinical observations. Humans with the
genetic bone syndrome cleidocranial
dysplasia (CCD), due to heterozygous loss
of Runx2 function, have hearing loss
(33;34).

In normal sound conduction, sound waves
travel down the external auditory canal,
vibrate the tympanic membrane, and
propagate via the ossicular bones of the
middle ear to reach the cochlea or inner ear
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(Fig. 2). Within the bony cochlear capsule, a
traveling wave causes deflection of the
organ of Corti in a frequency-specific
manner, exciting sensory hair cells and
allowing the sound signal to be propagated
via the auditory nerve to the central nervous
system. Hearing loss can take on several
forms and is classified using clinical
definitions based upon where in this

pathway a pathologic process occurs.
Conductive hearing loss is caused by
pathology preventing sound from reaching
the inner ear, and includes defects in the
outer ear canal, tympanic membrane, or
middle ear space and ossicles. In contrast,
sensorineural hearing loss classically refers
to hearing loss resulting from defects of the
cochlea or auditory nerve.

Inner ear

Middle ear &

Fig. 2. Diagram of the ear showing the bony structures of the outer, middle, and inner ear, including the ear

canal, ossicles, and cochlea, respectively.

Unexplained Sensorineural Hearing Loss
Accompanies Many Bone Syndromes

In many bone diseases, these classical
distinctions  blur. Well-known examples
include fibrous dysplasia and cochlear
otosclerosis (35-38), where some patients
exhibit sensorineural hearing loss in the
absence of obvious pathology in the organ
of Corti or auditory nerve. Humans with CCD
can have sensorineural, conductive, or
mixed types of hearing loss. Case studies
have suggested external ear canal
abnormalities, ossicular malformations,
eustachian tube dysfunction, or otitis media
as possible causes for conductive hearing
loss in CCD (33;34). Less clear is the cause
of sensorineural hearing loss in CCD and in
several other bone disorders, including
Paget's disease, osteogenesis imperfecta

tarda, and Camurati-Engelmann disease
(39-41). Although these diseases highlight
that bone is critical for normal cochlear
function, how bony abnormalities can cause
sensorineural hearing loss is still unknown.

We tested the hypothesis that sensorineural
hearing loss in CCD resulted from disruption
of mechanisms that establish the unique
material properties of cochlear bone ECM.
We examined cochlear bone ECM elastic
modulus and hearing in Runx2(+/-) mice and
in “D4” mice that overexpressed an active
form of TGFp under control of the OCN
promoter, both of which showed classical
hallmarks of CCD (dysplastic clavicles and
patent cranial sutures) (2;42-44). In both
mouse models, cochlear bone ECM elastic
modulus was reduced (2). The cochlear
bone elastic modulus and hardness in these
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mice were closer to the material properties
of the wild-type tibia. In addition, both mouse
models of CCD had hearing loss.
Furthermore, rescue of the cochlear bone
ECM material properties by inhibition of
TGFp signaling in osteoblasts also rescued
hearing loss. These data strongly suggest
that the sensorineural hearing loss
accompanying CCD is due in part to loss of
the distinctive hardness of the cochlear
capsule. This is the first demonstration that
the carefully defined material properties of
bone matrix are essential for tissue-specific
function, much as Currey had postulated
based on his studies of whale ear bone and
other mineralized tissues (1;5).

It is possible that these findings could be
extrapolated to the hearing loss in Camurati-
Engelmann disease, osteogenesis

imperfecta, and Paget’s disease (Table 2).
While CCD results from mutations in Runx2
(45;46), Camurati-Engelmann  disease
results from mutations that impact TGFp
activity (47;48), both of which regulate bone
matrix ~ material properties (2;6). In
osteogenesis imperfecta, collagen mutations
compromise bone matrix material properties
(9). In Paget’'s disease, cochlear bone
mineral density is reduced in patients with
sensorineural hearing loss (39). The
undermineralized  Pagetic bone, like
Runx2(+/-) and TGFp-overexpressing bone
matrix, likely has impaired material
properties. The sensorineural hearing loss in
each of these syndromes, therefore, might
result from impaired bone matrix material
properties.

Table 2. Bone diseases with associated hearing loss and defective bone matrix material properties.

Bone Disease with Mutations or Defects Hearing Loss Bone Quality

Associated Hearing Reference Reference

Loss

Cleidocranial dysplasia Runx2 Visosky (33), Cooper Chang (2)
(34)

Osteogenesis imperfecta Type | collagen Hartikka (40) Kozloff (9)

Camurati-Engelmann TGFp Higashi (41) Balooch (6), Mohammad
disease (16)
Paget's disease Mineralization defects Monsell (39) Roschger (55)

Otosclerosis Bone turnover, TGFp Chole (38), Thys (57) Balooch (6), Mohammad

(16)

Cochlear Bone Is Protected from
Osteoclast-Mediated Bone Remodeling

Another highly unique feature of cochlear
bone is its protected status from bone
remodeling. Unlike other bones that are
continually remodeled to accommodate
endocrine or nutritional changes,
mechanical load or injury, the cochlea
undergoes very little if any remodeling
postnatally (38;49;50). This “protected
status” is enabled by the elevated cochlear
expression of osteoprotegerin (OPG), an
antagonist of osteoclast differentiation and
function. Cochlear expression of OPG far
surpasses that detected in other bones (51).
It is perhaps then not surprising that in OPG-
deficient mice, the cochlear bone matrix is
remodeled and the ossicles are severely

eroded and grossly deformed (52;53).
Administration of bisphosphonates to OPG-
deficient animals ameliorates the excessive
remodeling of ear bone and hearing loss
(54). The cause of hearing loss in OPG-
deficient mice (20-30 dBSPL) is distinct from
that in TGFpB-overexpressing and Runx2(+/-)
mice (approximately 15 dBSPL), in which no
apparent defect in ossicular structure was
observed. Therefore, a relatively subtle
defect in the specific material property
signature of ear bone matrix impairs hearing
nearly as much as gross defects in ear bone
structure.

Despite the differences in mechanisms

responsible for hearing loss, the effect of
bone remodeling on bone matrix properties
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remains an important area of investigation.
Inhibition  of bone remodeling  with
bisphosphonates has been shown to
increase bone ECM mineral content and
elastic modulus (55). Consequently, the
uniquely hard cochlear bone may result from
the lack of bone remodeling at this site.
Furthermore, TGFB and Runx2 regulate
osteoclast activity, in part through regulation
of OPG and RANKL expression within
osteoblasts (56). Whether TGFp and Runx2
exert some of their effects on bone ECM
material properties via the OPG/RANKL axis
is an area of active research that is currently
unresolved. Interestingly, a human TGFp
allele is protective for otosclerosis (57), in
which hearing loss results from aberrant
osteoclast function. Though an association
between hearing loss and bone fragility,
osteoporosis or bisphosphonate use has not
yet been reported, the relationship between
hearing, bone remodeling, and ECM
material properties is an area that deserves
additional investigation.

Mechanisms by Which Bone Quality
Contributes to Hearing

Although bone ECM material properties are
clearly important for cochlear function, the
mechanism by which they contribute to
normal hearing remains unclear. The
combination of three functional hearing tests
(auditory brainstem response, distortion
product otoacoustic = emissions, and
compound action potential) localizes the
hearing defect to the peripheral auditory
system and shows that conductive hearing
remains relatively intact. As suggested by
Monsell, loss of cochlear bone quality may
cause absorption of acoustic energy,
resulting in lower amplitude displacement of
the basilar membrane in response to sound
(39). Another possibility is that defects in
cochlear bone quality impair sensorineural
development. Crosstalk between bone and
neural  structures is  critical  during
development. Abnormalities in the
development of either structure can
compromise the development of the other.
Our histological analyses showed intact
organ of Corti with normal numbers and
organization of ciliated hair cells in
Runx2(+/-) and TGFp-overexpressing mice
(2). Nonetheless, physical cues provided by

the bone ECM may yet contribute to the
crosstalk between bone and sensorineural
structures in development or postnatally.
Further study is needed to better understand
the mechanisms by which bone contributes
to the sensorineural function of the cochlea.

Summary

In conclusion, ECM material properties are
carefully defined throughout the body
through mechanisms that have only recently
been discovered. A biological pathway
already implicated in the control of cell
differentiation and ECM protein expression
is essential for the calibration of bone ECM
elastic modulus. Specifically, TGFp defines
bone ECM elastic modulus through a
Runx2-dependent mechanism. This pathway
serves as a model that other growth factors
and hormones likely employ. The ability of a
lineage-specific transcription factor to control
ECM material properties provides cells with
a streamlined way to control the biological
and physical features of the cellular
microenvironment — both of which can, in
turn, influence cell behavior. Loss of this
regulation in bone compromises the
uniquely hard cochlear bone matrix resulting
in hearing loss, demonstrating the functional
significance of the pathways regulating ECM
material properties. Developing a better
understanding of the mechanisms by which
material properties are defined and
maintained will elucidate the role of matrix
quality in  normal tissue function,
development and disease.
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