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Abstract

Title of Dissertation: Molecular Mechanisms of Osteocyte Mechanotransduction

James S. Lyons Jr, Doctor of Philosophy, 2017

Dissertation Directed By: Joseph P. Stains, PhD.
Associate Professor

Department of Orthopaedics

Diseases of skeletal fragility affect >200 million people worldwide and contribute
to ~9 million factures annually. Preventing bone loss and/or restoring lost bone mass is of
vital importance to limiting the personal and economic impact of these diseases. The
adaptation of the skeleton to its mechanical environment is orchestrated by
mechanosensitive osteocytes, largely through regulating the secretion of sclerostin, an
inhibitor of bone formation. Osteocytes sense mechanical load in the form of fluid shear
stress (FSS), and respond by reducing expression of sclerostin leading to “de-repression”
of osteoblastogenesis and stimulation of de novo bone formation. However, key
mechanistic details of how osteocytes sense mechanical load, transduce these signals to
biologic effectors, the identity of these effectors and how sclerostin bioavailability is
regulated remain unclear. A widely accepted technique for mechanically stimulating cells
in culture is the introduction of FSS on cell monolayers. Here, we describe a novel,
multifunctional fluid flow device for exposing cells to FSS. We validated the device
using the biologic response of UMR-106 cells in comparison to a commercially available

system of FSS. Utilizing this FSS device we show that the microtubule (MT) network



plays a critical role in how osteocytes sense and respond to FSS. We define a
microtubule-dependent mechanotransduction pathway that links FSS to the generation of
react ROS and Ca?* signals, leading to reductions in sclerostin in osteocytes. In Ocy454
osteocyte-like cells, we demonstrate that an intact MT network is required for FSS-
induced Ca®*-influx, calcium calmodulin-dependent protein kinase 11 phosphorylation,
and reduction in sclerostin. Further, the abundance of detyrosinated Glu-tubulin dictates
the cytoskeletal stiffness of these cells. By tuning the abundance of Glu-
tubulin/cytoskeletal stiffness, we demonstrate that Glu-tubulin regulates the mechano-
responsive range at which FSS elicits a Ca?* response in osteocytes. Further, we
determined that the FSS-induced reduction in sclerostin requires activation of a signaling
cascade that includes production of Nox2-activated ROS, which stimulates Ca?*-influx
through the cation-permeable channel TRPV4 and the subsequent activation of CamKI|I.
By developing a better understanding of this fundamental aspect of skeletal physiology,
we will raise the possibility of outlining new drug targets to combat diseases of skeletal

fragility.
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Chapter 1: Introduction

The Structure and Function of Bone
The skeleton is a highly specialized tissue that serves as the supporting framework

of the human body. The skeleton serves a variety of highly important structural and
mechanical roles as well as systemic physiologic functions®™. The characteristic rigidity
and hardness of the bones serve as mechanical leverage for movement and protection for
vital organs. Further, the bones provide an environment for marrow (both blood forming
and fat storage), acts as a mineral reservoir for calcium and phosphate homeostasis and a
reservoir of growth factors and cytokines, and also takes part in acid—base balance®.

The skeleton is made of four different categories of bone mainly based on their
shape. The long bones of the skeleton are typically long slender bones like the femur and
humerus®@. The short bones are typically short boxy shaped bones including the carpals
and tarsals. Flat bones are thin and broad in shape. While not necessarily flat, they mainly
function in providing protection or large surface arear for muscle attachment. Flat bones
include the scapula, sternum, and bones of the skull®. The final type of bones are the
irregular bones. These are bones with complex shapes which do not fit into the other
three categories including the vertebrae and the sphenoid bone.

In general, all of these bones are made of two different types of bone tissue,
known as osseous tissue®(Figure 1). The first type is cortical bone. Cortical bone is
sometimes referred to as compact bone due to its very dense, solid structure. The strength
of cortical bone comes from its unique microarchitecture. Cortical bone is made up of
osteons®. Each osteon contains osteocytes arranged in concentric layers. The concentric

layers are called lamellae and typically surround a central canal which contains one or
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more blood vessels/nerves®. Central canals generally run parallel to the bone surface.
Central canals are then linked by perpendicular canals known as perforating canals®. The
lamellae arranged around the central canals are called concentric lamellae, interstitial
lamellae fill in the spaces between the osteons, and circumferential lamellae can be found
along the bone surface®. Taken together, this tightly packed concentric rings of osteonal
structures within the cortical bone provide great strength and resistance to compressive
forces®.

The second type of osseous tissue is the trabecular or cancellous bone®.
Trabecular bone is sometimes referred to as spongy bone due to its interweaving web like
structure which resembles a sponge®. The relative amounts of each type of osseous
tissue found in a bone is generally related to its function. For example, cortical bone is
very dense and strong while the less dense trabecular bone is softer and weaker®. Thus,
the load bearing regions of long bones are made of higher amount of cortical bone and
less amounts of trabecular bone.

There are two ways that bones form during fetal development. The first type of
bone formation is intramembranous ossification®. This type of formation mainly occurs
during formation of the flat bones, but also occurs in other bones such as the clavicles.
Intramembranous ossification also plays an important role in the natural healing of bone
fractures®. Intramembranous ossification is characterized by the formation of bone from
connective tissue such as mesenchyme tissue, which is why it is sometimes referred to as
mesenchymal ossification. The formation of bone during intramembranous ossification
occurs when mesenchymal stem cells differentiate into osteoblasts and initiate the direct

mineralization of highly vascular connective tissue®.



The second way that bone is formed during development is endochondral
ossification®. This type of bone formation occurs in the long bones and most other types
of bone in the body. In this method of bone formation each bone is represented during
development by a line of hyaline cartilage which developed from mesenchyme tissue.
This cartilage forms a sort of template of each of the bones. This cartilaginous template is
then surrounded by a layer of highly vascularized mesenchyme similar to that of which
occurs in intramembranous ossification. Then osteoprogenitors will differentiate and
being to ossify the cartilage, gradually replacing the cartilaginous template as the bone is
formed®.,

Once the bones are formed, there are two different methods of bones to grow,
interstitial and appositional growth®. Interstitial growth occurs primarily in the long
bones. These bones grow in length from the center or diaphysis to the ends or
epiphyses®. Appositional growth on the other hand occurs in every bone in the body. In
appositional growth, the bones grow in all directions by osteoblasts depositing new bone
all over the surfaces of the bone®. Then local remodeling occurs to achieve ideal bone
microarchitecture and peak bone mass.

The surfaces of the bones are wrapped with a special connective tissue made of a
fibrous outer layer and a cellular inner layer. The connective tissue wrapping the outer
surfaces of the bone is known as the periosteum while the endosteum lines the marrow
cavity, trabeculae of the spongy bone, and the inner surfaces of the central canals(.
These connective tissues serve a number of functions including separating the bone from

surrounding tissues, providing a pathway for circulatory and nervous supply, and



assisting in bone growth and repair. The periosteum also is essential in forming joints, as
it is contiguous with tendons and ligaments(.

The bone itself has a cellular component which will be discussed in the next
section, however this component makes up very little of the total mass of bone. In
general, the bone matrix consists of two main components, the organic component and
the inorganic component. The organic component is called osteoid®. This is a vast
extracellular matrix made of collagen and non-collagenous proteins. This component
accounts for roughly 1/3 of the total mass of bone. The inorganic component consists of
mainly hydroxyapatite. Most abundant chemical in hydroxyapatite is calcium phosphate.
This component of the bone accounts for nearly 2/3 of the mass of bone®.

The structure of these two components of the bone matrix are analogous to
reinforced concrete used in construction. The concrete is poured around steel rebar. The
hydroxyapatite is similar to the concrete in providing strength and resistance to
compression while the collagen fibers in the osteoid, similar to the rebar, provide

resistance to tensile forces.

The Cells of Bone
There are three main types of cells found in bone. First is the osteoclast.

Osteoclasts are giant multi-nucleated cells that resorb bone matrix material ©.
Osteoclasts are unique in that fact that they are derived from monocytes rather than
osteoprogenitor cells. Osteoclasts attach to the bone surface and secrete acids and
enzymes to dissolve the bone matrix and release stored minerals. This process is referred
to as osteolysis®.

The second cell type found in bone is the osteoblast. Osteoblasts are cells that are

derived from osteoprogenitor cells and are responsible for bone formation?. Osteoblasts



synthesize and secrete components of the osteoid and ultimately nucleate hydroxyapatite
crystal formation. This process of new bone formation is known as osteogenesis?,

Since osteoclasts and osteoblasts are opposing functions, it is vital that there
maintain a homeostatic balance between osteoclast and osteoblast activity in order to
reach and maintain healthy peak bone mass®.

The osteoblasts have three potential fates after the rate of matrix deposition begins
to slow. They can either undergo programmed cell death, apoptosis, remain on the bone
surface as quiescent bone lining cells, or differentiate into the final type of bone cell, the
osteocyte?. Osteocytes are responsible for maintaining and monitoring the protein and
mineral content of the matrix, sensing mechanical load on the bone, and they participate
in the repair of damaged bone. The osteocyte ultimately serves as a master regulator of
osteolysis and osteogenesis and are regarded as the master orchestrators of the bone
remodeling process?. The detailed structure and function of osteocytes will be discussed

in the next section.

Osteocyte Structure and Function
When osteoblasts form new bone, often they will entrap themselves within the

newly secreted osteoid. Once inside the forming matrix of the bone, these osteoblasts
differentiate to become osteocytes. Mature osteocytes will live as long as the organism
itself; approximately 25+ years. In the adult human, there are roughly 42 million
osteocytes accounting for nearly 90 — 95% of the cellular component of the skeleton®?.
The most widely accepted mechanism for osteoblast embedding is the passive
“buried alive” model in which a subpopulation of osteoblasts will slow down their
osteoid production relative to adjacent cells and become buried by the matrix being

deposited by neighboring osteoblasts®?. However, it is also important to note that there



are a few groups that suggest this process is actually active and invasive, required
degradation of the bone matrix for embedding to occur. In general, the process by which
osteoblasts differentiate to become osteocytes is not fully understood. In particular the
genetic and molecular mechanisms that regulate this process remain elusive. However, a
variety of transitional stages between osteoblasts and osteocytes have been reported
based mainly on morphological observations®?. However, there are a few key changes in
gene expression that represent the transition from an embedded osteoblast to a terminally
differentiated osteocyte (Figure 2). These changes include the down-regulation of type |
collagen and alkaline phosphatase (mature osteoblast markers) and the up-regulation of
dentin matrix protein 1 (DMP1), E11/GP38/podoplanin, fibroblast growth factor 23
(FGF23), matrix extracellular phosphoglycoprotein (MEPE), and phosphate-regulating
gene with homologies to endopeptidases on the X chromosome (PHEX)®Y. The final
marker to indicate the differentiation into a mature osteocyte is the induction of SOST
which encodes the protein sclerostin®®. Sclerostin is a principal repressor of bone
forming osteoblasts and the detailed function and regulation of SOST and sclerostin will
be discussed in a later section.

Once embedded within the matrix of the bone, osteocytes also undergo a few
characteristic morphological changes. As the osteocyte differentiates, it undergoes up to a
70% reduction in cell volume™®. While osteoblasts are more cuboidal, osteocytes are
stellate shaped cells which are approximately 5 — 20 micrometer in diameter. The cell
body of osteocytes reside in small opening within the solid matrix of the bone known as
lacunae®®. Once inside the matrix, osteocytes grow cytoplasmic projections to

neighboring osteocytes, blood vessels, and surface osteoblasts through small passages
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Figure 2. Gene markers of osteoblast to osteocyte differentiation.
Osteocytes are terminally differentiated osteoblasts. As osteoblasts progress through different stages of
differentiation, there exhibit significant changes in expression in the indicated proteins. Figure source: (11)



known as canaliculi which can be anywhere from 250 — 300 micrometers in diameter.
Each osteocyte cell body can grow 40 — 60 cell processes per cell and this vast
interconnected system of cells and processes is referred to as the lacunocanalicular
network®®),

Osteocytes also undergo a reduction in their endoplasmic reticulum and Golgi
apparatus which to the misconception that osteocytes have reduced protein synthesis and
metabolic activity®®. Osteocytes were originally thought to be passive inactive cells,
however as the understanding of osteocytes has developed, it is now understood that
osteocytes are in fact highly active cells that play major roles in many key physiological
processes both within and beyond the bone microenvironment®?,

Many osteocyte specific genes and proteins have been shown to play a major role
in systemic mineral homeostasis. A widely studied example of this is that Dmp1 and
PHEX downregulate FGF-23 expression allowing reabsorption of phosphate by the
kidney*®). This essentially maintains sufficient circulating phosphate to conserve normal
bone mineral density. Further, excess FGF-23 levels have been shown to decrease the
abundance of 1-a hydroxylase which is required for the conversion of 25-hydroxyvitamin
D to the active vitamin D metabolite, 1,25 dihydroxyvitamin D“%. Reduced levels of
1,25 dihydroxyvitamin D results in decreases in the sodium/phosphate cotransporter
NaPi-I1b in the intestines, reducing phosphate absorption and leading to
hypophosphatemia®®. While these are just a few well-known examples of the osteocytes
role in regulation of systemic mineral homeostasis, many more examples have been

described or are currently being explored®?,



One of the first ascribed functions of the osteocyte was as the master orchestrator
of the bone remodeling process. Osteocytes possess a key ability to regulate both
osteoblast and osteoclast activity through a variety of mechanisms@Y. Mainly, the
osteocytes pass messages through the lacunocanalicular system either via secretion of
active signaling molecules or through cell to cell communication via gap junctions
located at the tips of the osteocyte processes®?. This communication can interdigitate
both mechanical and hormonal signals to regulate bone mass®®. The unique position of
the osteocytes interspersed throughout the bone matrix makes the perfectly situated to
sense and respond to various stimuli in order to not only the demands of the bone’s
mechanical environment but also its other demands in relation to calcium and phosphate
homeostasis®V.

While many of the mechanisms of osteocyte regulation of bone remodeling have
yet to be described, great strides have been made in understanding some of the factors
produced by osteocytes in order to stimulate or inhibit osteoblast and osteoclast
activity”. The detailed role of the osteocyte during the remodeling process and the
osteocyte responses to mechanical loading will be discussed in further detail in upcoming

sections.

Bone Remodeling
While the skeleton appears to be a static organ, bone is in fact continually being

removed and replaced though a process referred to as remodeling. Remodeling happens
at a rate of about 10% per year, meaning that the entirety of your skeleton could be
replaced roughly every 10 years®@¥,

The normal bone remodeling process occurs at randomly dispersed areas of bone

throughout the skeleton in which small discrete packets of bone material are removed,
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new bone matrix deposited and ultimately new bone mineralized®®. These processes are
essential for maintaining bone strength and mineral homeostasis. Further, more
specifically dispersed areas of remodeling control reshaping and replacement of bone
during growth and following injury®®. While remodeling occurs in response to specific
mineral or mechanical demands on the skeleton, it is the osteocytes which sense these
demands and orchestrate the subsequent response.

The bone remodeling process can be broken down into six phases. The first phase
is the quiescent phase®. In this phase the bone is at rest (Figure 3).

The second phase of the remolding process is the activation phase. This is the first
phenomenon to be described in preparation of the bone surface for resorption to begin®
(Figure 3). During this phase, mature osteoblasts that have become bone lining cells
retract and begin to digest the endosteal membrane though collagenase activity®®. While
remodeling does occur on the periosteal surface it is much less abundant and typically
only occurs during injury healing. Further, during this phase, there is local recruitment
and activation of mononucleated monocyte-macrophage osteoclast precursor cells®®. The
recruitment and activation of osteoclast precursors relies heavily on receptor activator of
NF«B (RANK) and macrophage colony stimulating factor (M-CSF) @7, These two
cytokines are critical for the formation of active multinucleated osteoclasts and are
produced and secreted by osteoblasts and osteocytes. Bone marrow stromal cells also
play an important role in the activation of osteoclasts by providing further RANK and M-
CSF stimulation®”. Once active multinucleated osteoclasts have formed, they attach to
the mineralized bone surface and initiate bone resorption. The osteoclasts actually create

a tight seal to the bone surface created a localized environment for which they can safely
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dissolve bone matrix material in a very controlled space®”. Once a seal is made, the
osteoclasts secrete hydrogen ions and lysosomal enzymes, particularly cathepsin K.
These factors can effectively degrade all of the components of bone matrix, including
collagen, at low pH®?.

The third phase of the remodeling process is the resorption phase®. During this
phase he osteoclasts resorb bone matrix and create irregularly scalloped cavities in the
bone (Figure 3). In the trabecular bone, these cavities are referred to as Howship’s
lacunae, while cylindrical Haversian canals are made in the cortical bone®. This phase
allows for the release of important minerals within the bone matrix including
transforming growth factor- b (TGF- b) , platelet-derived growth factor (PDGF), and
insulin-like growth factor | and Il (IGF- 1 and 11)®. During each remodeling cycle,
osteoclast resorption can last approximately 2-4 weeks.

The fourth phase of bone remodeling is known as the reversal phase®. In this
phase, bone resorption transitions to bone formation (Figure 3). One of the main factors
credited to reducing osteoclast activity and playing a role in inhibiting phase three of the
remodeling process is osteoprotegerin (OPG), also known as osteoclast inhibiting factor
(OCIF) or osteoclast binding factor (OBF). OPG is a decoy receptor to RANKL, thus,
plays an important role in reducing or inhibiting the interaction of RANK with
RANKL®), A tightly controlled balance of OPG/RANK/RANKL is very important in
maintaining a homeostatic balance between osteoclast and osteoblast activity.
Abnormalities in this balance have been attributed to numerous bone specific disorders
including osteoporosis and Paget’s disease®®?. The coupling link between the end of bone

resorption and bone formation have not been fully elucidated however, a number of

12



Bone Remodeling Cycle

Pre-
Osteoclasts Active Pre-
Osteoclasts Mononuclear Qsteablasts Osteoblasts
= Colis Osteocytes
QO

Restlng ‘.u w
Bone

Surface Resorption Reversal Bone Formation Mineralization

Figure 3. The bone remodeling process.

Bone remodeling is a cycle that includes osteoclastic bone resorption, followed by osteoblastic bone
formation. This process is inherently coupled, thus whenever bone is resorbed, new bone must be formed in
its place. Figure from: www.orthopaedicsone.com.
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groups have proposed potential mechanisms for this process. For example, osteocyte
apoptosis occurring when osteocytes are released form the bone matrix has been shown
to be a key factor in recruiting osteoblast precursors®. Further, a variety of bone matrix
derived factors released during resorption have been proposed to be important signaling
links which activate bone formation including transforming growth factor -/3 (TGF-/3),
IGF-I1, IGF-II, bone morphogenetic proteins (BMPs), PDGF, or fibroblast growth factor
(FGF)GD,

The fifth phase of the bone remodeling process is the formation phase® (Figure
3). Once bone resorption has ceased, the osteoclasts release from the bone surface and
recruitment of osteoblast precursor cells takes place. It is fairly well accepted that this
recruitment occurs from the growth factors released from the bone matrix as it is
resorbed®. These growth factors act as chemoattractants in recruiting osteoblast
precursors to the site of remodeling as well as being important for their differentiation
into mature matrix secreting osteoblasts®?. Preosteoblasts begin to generate an
attachment substance to which the newly formed bone tissue will be attached. Further,
they begin to express BMPs responsible for their further differentiation. Then within only
a few days the newly formed osteoblasts synthesize and secrete new osteoid matrix and
fill the cavities left by the osteoclastic resorption®. This occurs until the osteoblasts are
inhibited by factors such as sclerostin. The osteoblasts then continue to one of their three
ultimate fates as mentioned before.

The sixth and final phase of the bone remodeling process is the mineralization
phase®. This is the longest phase in the remodeling process. Mineralization begins

approximately 30 days after the osteoid is deposited on the bone surface. Mineralization
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takes approximately 90 days in the trabecular bone and approximately 130 days in the
cortical bone®. Important factors which promote mineralization are DMP-1 and bone
sialoprotein (BSP). These are matrix protein produced by osteoblasts which are essential
for proper mineralization. However, the most important factors made by osteoblasts
which regulate mineralization are phosphoprotein kinases and alkaline phosphatase®®.
Bone alkaline phosphatase increases local phosphorus concentrations, removes
phosphate-containing inhibitors of hydroxyapatite crystal growth, and modifies
phosphoproteins to control their ability to act as nucleators or mineral growth®®. These
proteins along with a sufficient supply of extracellular inorganic pyrophosphate are all
required for matrix mineralization®®. Once the mineralization process is complete and
the newly formed cavities in the bone have been filled in, the amount of bone resorbed
should be roughly equal to the amount of bone formed. Then, the quiescent or “at rest”
phase begins again and the cycle is repeated®.

Regulation of the bone remodeling process as a whole is very complex. As
mentioned above, a number of local factors including growth factors, matrix proteins, and
cytokines can regulate the bone remodeling process®¥. However, there are also a variety
of systemic factors that can regulate bone remodeling. Genetic factors play a role in bone
remodeling and this is highlighted by differences in bone mass among different races and
ethnicities®%), Further, vascular and nerve factors play a role in regulating bone
remodeling®”. The bone is innervated by the autonomous nervous system and by
sensorial nerve fibers and is highly vascularized. In fact, vascularization constitutes the
first phase in ossification and the first event in the repair of fractures or bone regeneration.

Thus, vascularization and nerve innervation are important regulators of bone
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remodeling®. As hinted at in earlier sections, systemic nutritional factors also constitute
a major regulator in bone remodeling as circulating calcium and phosphate levels are
highly maintained by calcium and phosphate stores in the skeleton®?,

While all of these factors play an important role in regulating bone remodeling,
the two main elements which control this process are hormonal factors and mechanical
influences. Both of which are mainly sensed by the osteocytes®. This allows the
osteocytes to orchestrate and regulate osteolysis and osteogenesis in a more controlled
fashion utilizing their unique positioning throughout the matrix of the bone. The
hormonal regulation of bone remodeling has been extensively studied and even been
exploited for therapeutic intervention to such diseases as osteoporosis“-+?, Since this
field is so widely studied and well understood, hormonal regulation of bone remodeling
could be an entire section on its own. However, these mechanistic details are outside of
the scope of this thesis. Therefore, just as a quick overview, such hormones as calcitonin
and estrogens tend to decrease bone resorption while parathyroid hormone (PTH),
glucocorticoids, thyroid hormones, and high doses of 1,25 dihydroxyvitamin D have been
shown to increase bone resorption®+4®), Further, growth hormones, vitamin D
metabolites, androgens, insulin, progestogens and low doses of PTH tend to increase
bone formation while glucocorticoids have been shown to decrease bone formation“7-51),
The osteocyte response to mechanical cues however, is a far less understood field of bone
biology. The mechanistic details of how osteocytes sense and respond to mechanical load
is the main focus of this thesis and what is already known about and have been previously
published regarding osteocyte mechanotransduction will be discussed in great detail in

the next section.
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Osteocyte Mechanotransduction
Two of the earliest functions ascribed to the osteocyte was mechanosensation and

mechanotransduction. As early as the 19" century, a German anatomist names Julius
Wolff postulated that the bones of the skeleton can adapt to mechanical forces by adding
or removing bones mass®?. Today, this is known as Wolff’s Law and is widely accepted
in bone biology. Wolff’s Law explains why tennis players display increased bone mass in
their dominant racket arm when compared to their non-dominant arm. It also explains
why astronauts who spend extended time in zero gravity experience significant bone loss.
The major orchestrator of these phenomenon are the embedded osteocytes which sense
and respond to mechanical cues (loading and unloading) and then regulate the subsequent
bone remodeling response®®). The osteocyte was originally hypothesized to be the
controller of this response to mechanical stimuli due to its position throughout the entire
matrix of the bone. This hypothesis was confirmed when targeted deletion of osteocytes
in mice expressing the diphtheria toxin receptor showed that these mice no longer
experienced unloading induced bone loss®.

When the skeleton undergoes mechanical loading there are several potential
stimuli which could be sensed by the osteocyte. These possible stimuli include physical
deformation of the bone matrix itself®®, the load-induced flow of canalicular fluid
through the lacunocanalicular network®®, which results in fluid flow shear stress, or
electrical streaming potentials that are generated from the flow of the canalicular fluid
(which is an ionic solution) past the charged surfaces of the lacunocanalicular walls
and/or cell membrane®®). However the exact mechanism of the stimuli being sensed is

impossible to distinguish in vivo and is still debated among the field. It is most likely that
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there is actually some combination of these being sensed simultaneously which all
contribute to the osteocyte response to mechanical loading®?.

However, much of the field has accepted the notion that fluid flow shear stress
through the lacunocanalicular network is the main driver of osteocyte
mechanotransduction®®. It is important to note that osteocyte and osteocyte processes are
constantly exposed to a basal level of fluid flow shear stress. It has been proposed that
this is due to extravascular pressure. This constant low level basal fluid flow shear stress
does not actually stimulate an osteocyte mechano-response, but rapid alterations in this
fluid flow shear stress generated when the bone undergoes mechanical loading that
triggers an osteocyte mechano-response®?,

While almost every cell responds to mechanical stimuli in some form or another,
osteocytes seem to be exquisitely sensitive to mechanical cues®®. Osteocytes have been
shown to be more sensitive to fluid flow shear stress than osteoblasts and fibroblasts®Y.
Further, it has been observed that osteocytes are more sensitive to fluid flow shear stress
than to substrate stretching®?. There has been many attempts to measure the in vivo fluid
shear stress experienced by osteocyte in situ®). However, the most success has been
achieved through mathematical modeling of forces within the lacunocanalicular
network®¥. These models have predicted a physiologic fluid shear stress experienced by
osteocytes of between 3 dynes/cm? and 30 dynes/cm?®®. Indirect measures of fluid flow
shear stress have been performed by real-time measurement of load-induced solute
transport. These studies suggested a peak shear stress of 5 Pa (approximately 30
dynes/cm?)®®). Most in vitro work has been done using fluid flow shear stress levels

between 4 dynes/cm? and 20 dynes/cm?®867), However, there have been a few studies
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which looked at supra-physiologic fluid flow shear stress levels as high as 40
dynes/cm?©8),

One of the most debated aspects of osteocyte mechano-biology in the field is what
part of the osteocyte is responsible for sensing the fluid flow shear stress. Some groups
have suggested that the osteocyte only sense mechanical stimuli through the osteocyte
processes and that the osteocyte cell body is essentially insensitive to mechanical cues®®.
Others have suggested that both the osteocyte cell body and processes contribute to
sensing mechanical strain’®. Further, it has been suggested that the putative
mechanosensor of osteocytes is the primary cilium; the small hair like projection found
on every cell™7, However, there is evidence that all three of these hypotheses are
correct, suggesting that in some sense, all three of these structures contributes to the
osteocyte’s ability to sense mechanical strain. Although, this evidence is in fact striking
in all three cases, it remains unclear whether the osteocytes cell body, cell processes, or
primary cilium sense mechanical strain independent or in fact work in conjunction to
sense mechanical cues®?.

As a mechanotransducer, osteocytes must be able to convert mechanical cues into
a biochemical output. In the case of the osteocyte, the ultimate biochemical output is the
regulation of osteoblast and osteoclast activity®”. This intracellular communication
required to regulate this bone remodeling process is achieved by the production of a
range of biomolecules including nitric oxide (NO), prostaglandins, BMPs, Wnts, and
many others®7478) However, an important early response to mechanical stimuli is an
increase in intracellular calcium®. It has been shown by many groups that a combination

of calcium store release and calcium influx across the plasma membrane both contribute

19



to this increase in intracellular calcium®, This calcium increase activates many
downstream signaling cascades including protein kinase C (PKC) and phospholipase
A, Further, this calcium is required for activation of calcium/calmodulin dependent
proteins such as the constitutive forms of nitric oxide synthase (NOS)("®). Further, other
genes that have been shown to be modified by mechanical loading in osteocytes include
c-fos, MEPE, and IGF-1®", However, these are just a subset of the numerous pathways
shown to be involved in the osteocyte mechanical load response.

It is widely accepted in the field that the very first response mediated by
mechanical stimuli is the increase in intracellular calcium. It has been shown that voltage
operated potassium channels are expressed in osteocytes and it has been suggested that
alterations in potassium currents could be involved in the earliest initiation of the
mechanical response in osteocytes®l. However, there is relatively high expression of T-
type calcium channels in osteocytes. Thus, early reports suggested a role for T-type
calcium channels including CaV3.1 and CaV3.2. It has been postulated that these T-type
calcium channels may be responsible for the unique kinetics of the calcium signaling in
osteocytes®?). However more recently it has become clear that while T-type channels
may in fact be involved, they only contribute to a portion of the response.

Immediately following the rapid change in calcium concentration, NO, adenosine
triphosphate (ATP), and prostaglandin are released by the osteocyte®3#). These
molecules have been shown to be extremely important, as deleting any one of these three
early molecules or inhibiting their release, blocks bone’s anabolic response to mechanical
loading®. NO and prostaglandin E2 (PGE->) release tends to correlate and these

molecules promote bone formation while inhibiting bone resorption in response to

20



mechanical strain®. PGE, may be one of the most important molecules released by
osteocytes in response to mechanical cues. It has been shown that treatment with
endogenous PGE> enhances the bone anabolic response to mechanical loading and
blocking PGE; inhibits the bone anabolic response to mechanical loading®”. Further,
PGE:> has been implicated in a feed forward mechanism in which PGE: release causing
an increase in connexin 43 expression which would promote more NO and PGE>
release®). However, this has yet to be confirmed in vivo. ATP release also happens very
rapidly in response to mechanical strain®. There is evidence that suggests this occurs
through connexin 43 hemichannels®®. Further, these hemichannels may provide a
mechanism for Nicotinamide adenine dinucleotide (NAD+) release which has been
observed in response to fluid flow shear stress®Y. This release of ATP has been shown to
efficiently activate the purinergic nucleotide receptor (P2X7), an ATP-gated ion channel,
in osteocytes®?, It has recently been suggested that this is the main mechanism of
osteocyte calcium influx in response to fluid flow shear stress®. However, deletion of
P2X7 in mice only resulted in about a 70% reduction in the anabolic response to
mechanical loading, suggesting that while a major contributor to the osteocyte
mechanically induced calcium influx, it is not the only contributor® . Many groups have
explored the role of stretch activated calcium channels as a potential source of calcium
influx in response to mechanical stimuli in osteocytes as well®. One group has made a
case for transient receptor potential vanilloid 4 (TRPV4) as a major contributor to
calcium influx(™). However, it was shown to only play a role in the primary cilia and
other studies have suggested that the primary cilium is not involved in the initial calcium

increase observed in osteocytes.
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At the heart of all of these potential mechanisms contributing to the increase in
intracellular calcium in osteocytes following fluid flow shear stress is the gap junctional
protein connexin 43. Not only does connexin 43 play a vital role in the release of all of
these biomolecules in response to mechanical stimuli, but also is important for
communication the anabolic load response throughout the osteocytic network within the
bone matrix®®. Connexin 43 also allow for signals to be passed from the osteocytes to
surface osteoblasts and bone lining cells as well. In all, it is clear that connexin 43 plays a
very important role in the osteocyte response to mechanical loading®?.

It has been shown that mechanical stimulation of osteocytes causing an increase
in the expression of integrin B1 subunit and activate avp3 integrins in response to fluid
flow shear stress®®. Further, there is evidence of enhanced cytoskeletal anchorage to
integrins in response to fluid flow shear stress®®. Recently, a mechanosome model has
been proposed in which a multiprotein complex comprised of adhesion proteins and
nucleocytoplasmic shuttling DNA-binding proteins can move between the adhesion
complexes and the nucleus to regulate gene expression. Also present in these complexes
are connexin 43 hemichannels, P2X7 channels, and T-type calcium channels, creating a
large nexus of signaling and ion transport that could in fact constitute the entirety of the
osteocyte mechanical load response%9,

While the majority of the early calcium response exhibited by osteocytes
in response to mechanical load comes in the form of calcium influx, calcium store release
has also been implicated in downstream potentiation of the response®. The initial
calcium bolus observed following mechanical stimulation has been shown to activate

phospholipase C (PLC) which lead to inositol-1,4,5-triphosphate (IP3) signaling®®?. IP3
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then binds its receptor on the endoplasmic reticulum causing release of intracellular
calcium into the cytoplasm192),

Increased intracellular calcium then activates a number of downstream signaling
pathways in osteocytes that lead to regulation of mechanosensitive genes. The calcium
dependent kinases PKC and Ras activate the mitogen-activated protein kinase (MAPK)
pathway%®. This activates transcription factors such as extracellular regulated kinases %2
(ERK1/2), c-jun kinase (JNK), and p38, resulting in the upregulation of c-fos and c-jun
expression. The gene products of c-fos and c-jun form the activator protein-1 (AP-1)
transcription factor which has been implicated in regulation of mechanosensitive genes in
osteocytes®,

In addition to calcium dependent signaling pathways activated by mechanical load
in osteocytes, there are reports of a number of growth factors being upregulated as well
which lead to downstream signaling events®”. IGF | and Il, vascular endothelial growth
factor (VEGF), TGFB1, BMP 2 and 4, all are upregulated in response to mechanical
stimuli and act in both autocrine and paracrine mechanisms on osteocytes(’>101104.105)
These growth factors then stimulate their corresponding tyrosine and serine/threonine
kinase receptors to activate phosphatidylinositol 3-kinase-Akt, MAPK, and SMAD
signaling pathways. Further, activation of G-protein-coupled receptors activate adenylate
cyclase and subsequent cyclic adenosine monophosphate (CAMP) and protein kinase A
(PKA) signaling®06-108),

While all of these pathways contribute to the osteocyte mechanical load response
in various ways, it is widely accepted that the most important pathway involved in the

osteocyte mechanical load response appears to the Wnt/B-catenin pathway®”. This
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pathway is important for the transmission of mechanical load signals to the bone cells on
the surface. It has been shown that the mechanism for PGE> mediated enhancement of
connexin 43 expression could be through the B-catenin pathway®®. Deletion of the Wnt
co-receptor, low-density lipoprotein receptor-related protein 5 (LRP5), resulted in an
impaired osteogenic response to mechanical loading in vivo®®, Negative regulators of
the Wnt/B-catenin pathway such as sclerostin and Dickkopfl-related protein 1 (DKK1)
are highly expressed in osteocytes and have been shown to be regulated by mechanical
loading®'?, Sclerostin is one of the most important bone regulatory factors expressed by
osteocytes and it is well accepted that sclerostin and DKK1 must be downregulated in
order for the anabolic response to mechanical loading to occur in bone®9. It is likely that
the decreases in sclerostin and DKK1 bioavailability create a permissive environment in
which Wnt proteins that are already present can activate the Wnt/B-catenin pathway®*?,
The complexity of the signaling pathways activated by mechanical loading in
osteocytes highlights the vast coordinated response that is necessary for the proper
anabolic or catabolic response orchestrated by the osteocytes'?. All of these studies
taken together provide considerable evidence that osteocytes play key roles in the skeletal
response to mechanical loading. However, there is still much to be elucidated in terms of
osteocyte mechanotransduction. For example, our knowledge of sclerostin and sclerostin
regulation is severely lacking®'®. This is due mainly to a lack a sufficient tools for
studying sclerostin. Many of the studies mentioned above have been performed in the
only available osteocyte-like cell line MLO-Y4®%, However, this cell line was
determined to be osteocyte like mainly by its morphology. It unfortunately does not

express detectable levels of sclerostin protein®'®, Further, many of the mechanisms of
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the early calcium bolus in response to fluid flow shear stress are still remaining to be

fully understood.

Sclerostin
Sclerostin is widely accepted as one of the most important regulators of bone

formation. It has even been targeted for potential therapeutic use to combat diseases of
skeletal fragility®®. However, our knowledge of sclerostin and its role in the skeletal
response to mechanical load is still lacking. As mentioned before, the major hurdle in our
knowledge has been the lack of the appropriate in vitro model to study sclerostin %),
Sclerostin is an approximately 23kD secreted glycoprotein expressed by
osteocytes7”). However it has been reported that sclerostin can dimerize and trimerize
and is rarely detectable in a monomer form®*®). The main function of sclerostin has been
shown to repress osteogenesis®*?. In fact, humans with sclerostin deficiency mutations
develop two diseases characterized by uncontrolled bone growth called sclerosteosis and
van Buchem Disease@®?°1?D) These diseases are caused by mutations in the SOST gene,
which encodes the protein sclerostin. While sclerosteosis has been shown to be cause by
the insertion of premature termination codons in the SOST gene, van Buchem Disease has
been shown to be caused by a deletion just downstream of the SOST gene*2%12), This
region was later realized to be an important regulatory site for sclerostin expression.
Sclerostin is expressed in many tissues during embryogenesis, however postnatally,
sclerostin is primarily expressed in the osteocytes with some expression to a less extent in
mineralized hypertrophic chondrocytes, and cementocytes*??), Interestingly, SOST
MRNA expression has been detected in the heart, aorta, and liver, with high levels in the

kidney. However, no sclerostin protein is detectable in these tissues®?®.
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The structure of sclerostin has been identified to contain a cysteine knot
structure®?®, Originally, sclerostin was suggested to be a member of the differential
screening—selected gene aberrant in neuroblastoma (DAN) family of glycoproteins which
have the ability to antagonize BMP activity. However, the available data provides
evidence that sclerostin does not act as a typically BMP antagonist!?>. Further
investigation into the structure of sclerostin revealed that the most closely related DAN
family member to sclerostin is a protein called Wise which can also antagonize the
canonical Wnt/B-catenin pathway!?®), Further, the characterization of the structure of
sclerostin revealed 3 loops present along with the cysteine knot structure. One of these
loops is high in positively charged residues, showing a possible site of interaction with
the predicted binding site on the first B-propeller of LRP5, which is negatively
charged®?”. Therefore, the hypothesis that sclerostin was also an antagonist of the Wnt/p-
catenin pathway was explored. Indeed, sclerostin has been shown to bind LRP5 and its
closely related co-receptor LRP6 and, thereby, inhibit the canonical Wnt signaling?®),
Interestingly, there have been conflicting reports about how sclerostin exhibits its effects
on the Wnt/p-catenin pathway. There seems to be evidence that sclerostin does not
actually compete for binding with Wnts to the co-receptor. Instead it is possible that
sclerostin binding to LRP5/6 induces internalization of the co-receptor?®. The Wnt/ f-
catenin signaling pathway is recognized as an important regulator of bone mass and bone
cell functions®?%. This pathway has been shown to be important in osteoblasts for
differentiation, proliferation and the synthesis bone matrix. Further, recent work has
demonstrated that LRP5 and the Wnt/B-catenin signaling pathway are absolutely required

for bone formation in response to mechanical loading, highlighting the importance of not
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only LRP5 and the Wnt/B-catenin signaling pathway but also the antagonists of this
pathway ™9,

There have been a variety of local and systemic factors that have been suggested
to regulate SOST expression. SOST transcript has been shown to be regulated by the
SOST proximal promoter as well as a distal enhancer region, ECR5®3Y,

Two essential transcription factors for osteoblast differentiation, RUNX2 and
osterix (OSX) bind to the SOST proximal promoter and contribute to SOST
expression®?2132) There is evidence that both of these factors play a role in activation of
SOST expression. Since the Wnt/B-catenin signaling pathway plays an important role in
osteoblast differentiation, it is likely that sclerostin plays a role in regulating this process.
The proximal promoter of SOST is also subject to epigenetic regulation®3?., This region is
hyper methylated in osteoblasts and then transitions to become hypomethylated in
osteocytes. It has been shown that methylation of this site in osteocytes reduces SOST
expression®®?_ It is hypothesized that this methylation plays a role in the regulation of
transcription binding to the region. Further, the de-methylating agent AzadC increased
the responsiveness of the SOST proximal promoter to BMPs(®*. However, the exact
mechanism of BMP regulation of the SOST proximal promoter is still unclear. In fact,
there are conflicting reports of BMP regulation of SOST. In MLO-A5 immature
osteocytes, SOST expression was increased by treatment with BMPs while in MLO-Y4
mature osteocytes, BMPs do not seem to influence SOST expression 139,

The ECRS distal enhancer region is region deleted in van Buchem

Disease™??, Deletion of just the ECR5 enhancer is sufficient to drive significant

decreases in SOST gene expression independent of changes in the proximal promoter.
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The ECRS5 enhancer contains a myocyte enhancer factor-2 (MEF2) response element.
This response element is responsible for binding to the MEF2 family of transcription
factors*®, Deletion of just the MEF2 response element is sufficient to drive reductions
in SOST gene expression similar to what is observed when the entire ECR5 region is
deleted. Interestingly, there seems to be some level or regulations of SOST gene
expression by multiple MEF2 transcription factors including MEF2A, C, and D39),
siRNA knockdown of any of these transcription factors significantly impairs SOST gene
expression. However, the MEF2C knockout mice pheno-copy the ECR5 knockout mice
suggesting that MEF2C is in fact the main transcription factor responsible for ECR5-
dependent SOST expression®3®). Further, TGFp-1, -2, and -3, and ActivinA increase
SOST expression in an ECR5-dependent manner™®?, This is likely through a SMAD2/3
response element also found within the ECRS region. While the exact mechanism of this
regulation is still unclear, there is evidence that the SMAD proteins could be acting as co-
modulators for MEF2 transcription factors®3b,

Additionally, PTH suppresses SOST expression through the ECR5 enhancer. PTH
binding to its receptor activates CAMP/PKA signaling which results in a decrease is
SOST expression®®. However, the exact mechanism of cAMP/PKA regulation of SOST
expression has yet to be fully detailed. Interestingly, PGE> also seems to suppress SOST
expression via CAMP/PKA signaling®”. However, the suppression of SOST expression
by PGE: is independent of MEF2C or MEF2D, supporting diverse mechanisms by which
the cCAMP/PKA pathway regulates SOST expression®"),

As mentioned above, mechanical loading is a major regulator of sclerostin (Figure

4). It has been shown in several models that mechanical loading reduces SOST/sclerostin
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Figure 4. Schematic of the sclerostin dependent regulation of bone formation.

Sclerostin is produced and secreted by osteocytes where it can then act by competing with Wnt for binding
to LRP5/6 and antagonize the canonical Wnt/B-catenin signaling cascade. Mechanotransduction in
osteocytes blocks the secretion of sclerostin and “de-represses” osteoblastogensis, allowing for de novo
bone formation to occur.
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both in vitro and in vivo®*®, However, the exact mechanisms by which mechanical
loading regulates SOST expression has not been fully detailed. It is likely that there is a
combination of any number of the above mentioned signaling pathways that are activated
by mechanical loading in osteocytes. For example, the IGF-1 and cAMP/PKA pathways
have both been implicated to be involved®.

Unfortunately, the precise mechanisms of sclerostin secretion have yet to be
elucidated. In fact, there is very little known in regards to post-translational control of
sclerostin protein. However, advances in in vitro models for studying sclerostin should

help to advance our knowledge of sclerostin protein®®,

The Cytoskeleton
Every cell has a complex interconnected network of actin microfilaments,

microtubules (MTs), and intermediate filaments which constitute its cytoskeleton®49),
The cytoskeleton of the cell is responsible for maintaining cellular shape and integrity, as
well as various other important functions including cell motility, vesicular movement,
and cellular attachment. Each of the different structures involved in the cytoskeleton have
different unique rolls which all work together in a coordinated and complex fashion®4®).
Since the cytoskeleton is vital to the integrity of the cell, it is easy to see how the
cytoskeleton could in fact play important roles in cellular mechanotransduction.
Additionally, there is mounting evidence of a more functional role of the cytoskeleton in
regulating cellular mechanotransduction beyond the simple structural role traditionally
played by these structuresV). The structures and functions of each of these cytoskeletal
elements and a general background of cytoskeletal mechanotransduction will be

discussed in this section.
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The first structure of the cytoskeleton is the MT network. MTs are cylindrical
tubes about 20-25nm in diameter*®). MTs are comprised of repeating a-tubulin and B-
tubulin dimers®#?. The a-tubulin and B-tubulin monomers are very similar is structure
and are both about 50kDa**®), These dimers polymerize end-to-end into linear
protofilaments that associate laterally to form a single microtubule, which can then be
extended by the addition of more o/B-tubulin dimers. MTs have a distinct polarity which
plays an important role in their function. Since the filament polymerizes in a linear
fashion, one end will have a-tubulin exposed, while the other end will have B-tubulin
exposed). The a-tubulin exposed end is designated the (-) end, while the B-tubulin
exposed end is designated the (+) end. While microtubule elongation is significantly
more rapid at the (+) end, it can occur at both ends with the addition of more a-tubulin
and B-tubulin dimers®4%),

MTs are nucleated and organized by microtubule organizing centers (MTOCs),
such as the centrosome found in the center of many cells or the basal bodies found in cilia
and flagella®*®. Contained within these nucleating cites is another type of tubulin, y-
tubulin. y-tubulin is distinct form a-tubulin and B-tubulin. y-tubulin specifically functions
as a nucleator of MT polymerization. y-tubulin associates with several proteins to form a
large protein complex known as the y-tubulin ring complex which serves template for a-
tubulin and B-tubulin to being polymerization*3). It then acts as a cap on the (-) end of
the MT as the polymer grows in the (+) direction. Polymerization of the MT filament
depends highly on the concentration of a-tubulin and B-tubulin dimers free in the
cytoplasm®*®, The steady state concentration of the dimers at which there is no longer

any net assembly or disassembly at the end of the microtubule, is referred to as the

31



critical concentration. If the dimer concentration is greater than the critical concentration,
the microtubule will polymerize and grow. If the concentration is less than the critical
concentration, the length of the microtubule will decrease®*%).

A unique feature of the MT network is ability of the polymers to simultaneously
assemble and disassemble at opposite ends. This is referred to as dynamic instability.
MTs can dynamically switch between growing and shrinking. The driving force of this
dynamic instability is inherent Guanosine triphosphatase (GTPase) activity of the a-
tubulin and B-tubulin dimers*®). The dimers bind two molecules of GTP, one of which
can by hydrolyzed. During MT assembly, the tubulin dimers are in the GTP bound state.
This GTP bound state provides stability and plays a structural function to the MT
polymer. Shortly after polymerization, the GTP is hydrolyzed to GDP. GDP bound
tubulin exhibit very different properties and develop an instable structure that is prone to
disassembly. When a GDP bound dimer is at the tip of a polymer, it tends to fall off,
however a GDP bound dimer in the center of a polymer tends to remain stable®®),
Therefore, this creates a sort of race between GTP hydrolysis and MT polymer assembly.
As the dimer assemble into a polymer, they quickly hydrolyze their GTP to GDP®4%, As
long as the assembly process if adding new GTP bound dimers to the end of the polymer
continues faster than the hydrolysis of the already added dimers, the MT polymer will
remain stable and assembles*”. The GTP bound dimers at the end of the MT provide
stability and are referred to as the GTP cap. However, if the hydrolysis catches up to the
end of the polymer, and the dimers at the end of the MT hydrolyze their GTP to GDP
before new GTP bound dimers can be added, the entire polymer will undergo rapid

disassembly known as catastrophe*4”). Still, as mentioned above, the MT polymer can
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dynamically switch between growing and shrinking. Therefore, at any time during
catastrophe, new GTP bound dimers can begin being added to the end of the polymer
again providing a new GTP bound cap and protecting the polymer from disassembly.
This is referred to as rescue®4?,

The MT network plays important roles beyond just cell structure maintenance.
The dynamic instability of MTs is vital for cell migration of most cells?®). Dynamic
microtubules regulate the levels of key proteins involved in cell contractility and
spreading such as RhoA and Rac1®4%%%9), The MT network and the actin filament
network work together in terms of cell migration. The MT network will push out toward
the direction the cell moves, while actin pulls inward the trailing end. However, the MT
network has been found to act as “struts” that counteract the contractile forces of the
actin*®), Dynamic MTs are actually required to allow for the retraction of the leading
edge of the cell. Further, dynamic MTs are required for the disassembly of focal
adhesions, which are areas of attachment for the cell. In addition, MTs also play a role in
cilium and flagella, as it has been shown that the major structural component of cilia and
flagella. These structures are also used for cell motility as they bend and generate force
for swimming, moving extracellular material, and other roles®>,

MTs also play an important role in vesicle trafficking. MTs act as substrates for
motor proteins that literally walk along the MT polymer in order to transport vesicles
around the cytoplasm of the cell as well as along axons and dendrites in neurons®%?, MTs
also play a vital role in cell division as they are required for the segregation of the
chromosomes during division>®). The mitotic spindle is comprised of a complex of MTs,

MT associate proteins, and the MTOC. Likewise, this gives the MT network an important
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role during development. For example, polarized MTs are required during embryogenesis
in order to establish the axis of the egg*>¥. Further, the MT are essential for the
development of the nervous system®®), Finally, there have been reports of the MT
network affecting gene expression, however the signal transduction mechanisms involved
in this are not well understood ),

More recently, there has been significant evidence implicating a role for the MT
network in mechanotransduction in various tissues4%5"), While the MT polymer does
not handle tensile forces very well, it is uniquely resistant to compressive forces when
compared to other cytoskeletal elements. This makes the MT network an ideal candidate
for transducing mechanical signals to effector molecules and enzymes®%®),

With such diverse and plentiful functions, it makes sense that a variety of proteins
would interaction with the MT network. The first type of protein that interactions with
the MT polymer is a large class of proteins terms microtubule associated proteins
(MAPs)159. MAPs play a major role in regulating MT dynamics. The abundance and
combination of MAPs present significantly affects MT polymerization, depolymerization,
catastrophe, and rescue. There are two main classes of MAPs based mainly on their
molecular weight*>®. The first class is about 55-62kDa and are called tau proteins®6?,
Tau proteins have been shown to directly bind MTs and promote nucleation, prevent
disassembly, and induce the formation of parallel arrays. Further, tau proteins have been
shown to stabilize MT polymers®?. The second class of MAPs have a molecular weight
of 200-1000kDa and is comprised of MAP1, MAP2, MAP3, and MAP4. Each of these
MAPs have different functions®. For example, MAP1 plays a role in vesicle transport,

while MAP2 crosslinks the MT network to other cytoskeletal elements. MAP4 has been
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found to mainly stabilize MT polymers. However, while many MAPs tend to have MT
stabilizing functions, other MAPSs have been shown to have destabilizing effects by either
cleaving or inducing depolymerization of MTs. In fact, proteins such as katanin, spastin,
and fidgetin have been observed to regulate the number and length of microtubules via
their destabilizing activities?),

Another type of protein that plays an important role in MT dynamics is plus-end
tracking proteins (+TIPs)6D, The first +TIP to be identified was cytoplasmic linker
protein 170 (CLIP170). CLIP170 plays a role in MT rescue from depolymerization. Other
+TIPs include EB1, EB2, EB3, p150Glued, Dynamitin, Lisl, CLIP115, CLASP1, and
CLASP2. Each of these have differing functions, however some +TIPs have been shown
to participate in the interactions of microtubules with chromosomes during mitosis6Y),

The final type of MAPs are the motor proteins*®?. Motor proteins are important
for trafficking vesicles around the cytoplasm of the cell along the MT polymers. Unlike
other MAPs, motor proteins hydrolyze ATP to generate mechanical work in order to
move along the MT polymer. There are two major motor proteins which interact with
MTs. The first is dynein®?. Dynein mediated transport takes place from the (+) end
towards the (-) end of the MT. Dynein has two large globular head domains where ATP
hydrolysis takes place which share structural similarity with the ATPase associated with
various cellular activities protein family. In order to traffic vesicles, dynein interacts with
an organelle membrane protein complex which includes such elements as dynactin®62),
The second motor protein is kinesin. Kinesin has a very similar structure to dynein and
functions in much of the same way. However, kinesin can transport a variety of

intracellular cargoes including vesicles, organelles, protein complexes, and mRNAs. The
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major difference between Dynein and kinesin is that kinesin transports cargo from the (-)
end of the MT polymer towards the (+) end®62),

Since the MT network imparts so many important and divers functions, and is so
dynamic and continually changing, it is important that MT dynamics and function remain
under strict regulatory control. In fact, although most MT polymers have a half-life of 5
to 10 minutes, some MTs can remain stable for hours®), There are several mechanisms
in which MT polymer dynamics and function are regulated. These include post-
translational modification of a-tubulin and B-tubulin, proteins which interact with the MT
polymers, as well as tubulin binding drugs and environmental effects*®3)(Figure 4). For
example, the MT network is extremely sensitive to changes in temperature. A drop of
only a few degree Celsius is enough to trigger complete catastrophe and disassembly of
all MT polymers.

Most MT post-translational modifications tend to occur on the c-terminal region
of a-tubulin, however there are also similar modifications that can take place in -
tubulin®®. Many of these modifications take place once the dimers are integrated into
the completed MT polymer, by enzymes bound to the filament. The c-terminal regions of
a-tubulin is rich in negatively charged glutamate residues and forms relatively
unstructured tails that project out from the microtubule®®®. However, once the
microtubule depolymerizes, most of these modifications are rapidly reversed by soluble
enzymes(64),

Detyrosination was one of the first modification identified to preferentially occur
in MT polymers rather than tubulin dimers or monomers%). MT detyrosination is the

enzymatic removal of the c-terminal tyrosine residue from a-tubulin by a yet unidentified
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Figure 5. Microtubule post-translational modifications.

Microtubules are long tubular structures comprised of repeating o and 3 tubulin dimers. These two proteins
are highly susceptible to post translational modifications on both the exposed c-terminal tail and within the
lumen of the microtubule. Here is a schematic showing some of these modifications and their locations.

Many of these modifications have profound effects on microtubules stability and dynamics. Figure source:
(166)
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tyrosine carboxypeptidase (TCP). This reaction exposes a glutamate residue and is
sometimes referred to as Glu-tubulin to reflect this new c-terminal residue®®®. The lack
of the identity of this enzyme has left many questions regarding the reaction, including
but not limited to cellular regulation of this modification. The reverse reaction is
catalyzed by the better characterized enzyme, tubulin-tyrosine ligase (TTL)“", TTL has
been shown to have numerous interactions with both of a-tubulin and B-tubulin in the
dimer. In fact, TTL can actually interfere with MT polymerization to the point where
TTL overexpression inhibits MT polymerization®”). There is not much known about
TTL regulation either, however it is suggested that stathmin, a protein that plays a role in
sequestering tubulin dimers therefore promoting MT polymer disassembly, could in part
regulate TTL activity by competing for binding with TTL to tubulin dimers6®),

Detyrosination has been associated with MT longevity because many
detyrosinated MTs turn over more slowly than tyrosinated MTs. However, detyrosinated
MT polymers are not intrinsically more stable to tyrosinated MTs. Instead, detyrosination
tends to accumulate in stabilized MTs as the actions of TCP are preferential to that of
TTL1E9),

Detyrosinated MTs and tyrosinated MTs have differential interactions with
various MT binding proteins. For example, MT cap proteins such as CLIP170 or P150
Glued required tyrosinated MTs to localize to the (+) end of the MT polymer, while the
MT severing protein spastin preferentially cleave detyrosinated MT polymers. Thus,
detyrosination provides the platform for the MT network to partake in a variety of
differential functions unique to detyrosinated M T polymers’®. Further, MT

detyrosination and tyrosination may play a role in motor protein function. Kinesin-13 was
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shown to bind preferentially to tyrosinated MT polymers, whereas kinesin-1 appears to
prefer to bind to detyrosinated MTs(7%. Additionally, there is evidence that kinesin-1
bound to detyrosinated MTs seemed to move at a slower rate whereas detyrosination was
observed to increase both processivity and velocity of kinesin-2172, Further, alterations
in the abundance and locations of detyrosinated MTs caused changes in localization of
some motor proteins. This has led some group to hypothesize that MT detyrosination not
only can effect which motor proteins interact with the MT polymer but also play a
dynamic role in regulation of speed and location of motor protein movement and vesicle
trafficking*’®. In addition, it has more recently been observed that detyrosinated MTs
and tyrosinated MTs preferentially interact with intermediate filaments and actin
microfilaments. Detyrosinated MTs tend to exhibit enhanced crosslinking interactions
between other cytoskeletal elements stabilizing and stiffening the cytoskeleton as a
whole, whereas inhibition of MT detyrosination disrupted these crosslinks and weakened
the cytoskeleton as a whole4+174),

A2-tubulin is a further modification of detyrosinated tubulin. The newly revealed
glutamate on the c-terminus of detyrosinated MTs is also removed in A2-tubulin®™),
There are a family of cytosolic carboxypeptidases (CCP) that have been shown to remove
this c-terminal glutamate residue including CCP1, CCP2, CCP3, CCP4, CCP5, and
CCP6176178)  A2-tubulin is preferentially found in mature neurons and like detyrosinated
tubulin, tends to accumulate in long-lived MT polymers. However, unlike detyrosination,
the A2-tubulin modification cannot be reversed’®). Overall, the general function of A2-
tubulin is still unknown, however it is estimated that A2-tubulin may represent more than

35% of the tubulin found in the brain®64
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Two more MT post-translational modifications that are mainly found in neurons
is polyglutamylation and polyglycylation*®¥. Polyglutamylation is found throughout
neurons®®, however in contrast, polyglycylation is restricted to ciliary tubulins81.182),
These modifications involve the addition of glutamate or glycine chains to the c-terminal
domains of both a-tubulin and B-tubulin by a class of enzymes called tubulin tyrosine
ligase-like (TTLL) proteins®83), TTLLs belong to a large protein family of ligases each
with its own specificity. Likewise, some TTLL proteins preferentially modify B-tubulin
while others prefer a-tubulin. For example, TTLL7 preferentially modifies B-tubulin,
while TTLLS5 and 6 prefer a-tubulin as a substrate!!3¥), The potential combination of
modifications in polyglutamylated MTs varies wildly. The chain length and which
residues in the a-tubulin and B-tubulin c-terminal region are modified allow for many
unique modification each with its own unique function®®®. However, due to the shear
variability of this modification, it has made elucidating the exact function of each
combination very difficult. However, one common element among all the possible
combinations seems to be the requirement for the adapter protein PGs1, which localizes
the polyglutamylase complex to the MTs(8%),

As with other MT post-translational modifications, polyglutamylation may alter
protein interactions with the MTs. However, while it has been shown that microtubule
associate protein (MAP) 1 and MAP 2, differentially bind to MTs depending on their
polyglutamylation state, the effects this modification has on motor proteins is less
clear®®, There have been studies showing correlations between MT polyglutamylation

and kinesin function, however a cause and effect relationship is yet to be defined8187),
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Since polyglutamylation and polyglycylation target the same glutamate residues
in the c-termini of a-tubulin and B-tubulin, it has been suggested that polyglycylation
could in fact modulate MT polyglutamylation8®), However, the function of
polyglycylation is unclear. TTLL3 and TTLLS8 add a single glycine to the MT, which is
then extended by TTLL10%8%), Oddly, in humans, TTLL10 is not active. Thus, almost all
MTs in humans are monoglycylated. Unfortunately, these differences among organisms
has made determining exact functions of this modification difficult to interpret@8®),

Acetylation is a very abundant MT post translational modification®®®. However,
unlike detyrosination, polyglutamylation, and polyglycylation, the site of MT acetylation
is on the lysine 40 residue of a-tubulin®®Y, Uniquely, this residue is located on the MT
luminal surface, inside of the hollow opening of the tubule®®?, The major class of
enzymes responsible for this modification is tubulin acetyltransferases (TATs)*%,
However, how TATs achieves tubulin binding inside of the lumen of the tubule is still
unclear. There are currently two working models. One of which involves TATSs
bidirectionally scanning the MT within the lumen using surface diffusion. This results in
stochastic acetylation of lysine 40 residues along the MT®®, The second hypothesis is
that TATs acetylates the MT as it grows by modifying a-tubulin at the (+) end of the
tubule, again resulting in acetyl groups distributed along the MT polymer®®4. While it
has been shown that many TATSs can acetylate tubulin, including ELP3, ARD1-NAT1
and GCN35, the major tubulin acetylase is aTAT1%%), Eliminating o TAT1 nearly
completely abolishes MT acetylation. aTAT1 is regulated by an auto-acetylation site,

which when blocked does not affect MT binding of aTAT1, but does significantly
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decrease MT acetylation®®®. Once MT disassemble, tubulin dimers are very rapidly
deacetylated, similar to tyrosination of tubulin.

The major enzyme catalyzing this reverse reaction is histone deacetylase (HDAC)
67, However, manipulation of HDACG effects many pathways as HDACS also has a
number of other substrates including Hsp90, cortactin, and 3-catenin. Interestingly,
HDACG6 knockout mice exhibit a very mild phenotype, suggesting that there are in fact
compensatory pathways for HDACS, possibly HDAC5(®". There are also non-classical
deacetylases which can modify tubulin. For example, sirtuin2 has been shown to
deacetylate a-tubulin. Accordingly, sirtuin2 knockout also increases MT acetylation, just
not as effectively at HDAC6 knockout*%®),

Although acetylation is considered a major MT post translation modification,
there is little consensus regarding its function®®). Acetylation has traditionally been
associated with long lived MTs, suggesting a role in MT stability. However, there is no
evidence that MT acetylation has any effect on MT dynamics*®). One consensus is that
MT acetylation does affect protein interactions with MTs. For example, binding of Hsp90
to MTs is enhanced by acetylation, and acetylation sites are the preferred site of action
for the severing protein katanin®®2%9_ Further, MT acetylation has been reported to
enhance Kinesin based vesicle transport(©1:202),

While these MT post translational modifications discussed so far are the most
common and ubiquitous, there are also many other post translational modifications that
have been reported®®. These include, polyamination, phosphorylation, glycosylation,
glycation, palmitoylation, ubiquitylation, sumoylation, however these tend to be far less

abundant and less common. In some cases, certain modifications can even be limited to
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specific cell types. Yet, much of the detailed functions of these modifications is still
being worked out®64),

The second structure that the cytoskeleton is comprised of are actin
microfilaments. Actin is a family of multi-functional proteins which can form
microfilaments®®. Actin is a 42 kDa protein which can be found in two forms®), The
first form is a monomer of actin, referred to a G-actin where the G means globular. The
second is a linear polymer microfilament, referred to as F-actin where the F means
filamentous®®), These polymerized microfilaments measure roughly 4-7nm in diameter
and perform a number of very important functions. In fact, actin is among the most
abundant proteins in eukaryotes and has possibly as many as 30 different isoforms©@%%,

The monomeric form of actin, G-actin, is a globular protein which consists of two
lobes separated by a cleft®%®), The center of this cleft is known as the “ATPase fold”
which is the site of the catalytic activity giving actin the ability to hydrolyze adenosine
triphosphate (ATP). G-actin is only functional when it contains a molecular of either
ADP or ATP in this cleft, however the free globular actin tends to contain ATP®@%),
Interestingly, this structure is tightly regulated. A group Il cytosolic molecular chaperone
protein called CCT is required to make sure that G-actin adopts the correct tertiary
structure®®”. While the reasoning for this is still unclear, it is postulated that this is due to
the profound toxic effects that could arise from misfolded G-actin which cannot correctly
form F-actin®®), ATP binding promotes G-actin polymerization to form F-actin and is
essential for G-actin to form F-actin®®®, The filamentous F-actin is generally described
as two parallel strands which rotate at 166 degrees in order to lie correctly on top of each

other to form a double helix structure®, This double helix structure is the structure

43



found throughout the cytoskeletal microfilaments. Similar to MTs, the F-actin polymer is
considered to have a distinct polarity®?. This is due to the fact that the polymer’s
subunits all point in the same direction. The end that possesses an actin subunit which has
its ATP binding site exposed is the (-) end, while the end where the ATP cleft is not
exposed, is the (+) end®@9),

Similar to MT polymerization, actin polymerization requires nucleating factors
necessary to stimulate actin microfilament formation. The Arp2/3 complex is an
important nucleation factors for actin polymerization®'. Arp2/3 mimics a G-actin dimer
which acts to stimulate the addition of the first monomeric G-actin. This subsequently
triggers rapid addition of further monomers creating the F-actin strand. Further, Arp2/3
also binds to actin filaments at a 70 degree angle to nucleate the formation of new actin
branches off of existing actin filaments®?'?.

Actin filament growth is governed by ATP-ADP hydrolysis®!®. G-actin bound to
ATP promotes actin filament growth. However, ATP is rapidly hydrolyzed after the
addition of the G-actin monomer to the filament. Whether this hydrolysis occur at
random or vectorally is still unclear. However, in either case, the resulting phosphate (Pi)
is not immediately released®*®). The amount of this actin-ADP-P; complex is an indicator
of the longevity of the filament. Once this P; is released, the resulting actin bound to ADP
promotes filament disassembly®'4). Once the actin filament disassembles, the ADP is
released and the free G-actin is able to bind a new ATP molecule. Similar to MT
polymerization, there is a critical concentration of ATP bound G-actin necessary to
stimulate filament growth and/or filament disassembly®*¥). The growth of actin

microfilaments can also be regulated by thymosin and profilin. Thymosin is binds to G-
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actin and sequesters it from polymerization. By controlling the amount of free G-actin,
thymosin is able to effectively promote polymerization or depolymerization of the actin
filaments®'®), Profilin binds to G-actin and facilitates the exchange of ADP for ATP?),
Another class of proteins which help to regulate the actin cytoskeleton is the Rho family
of proteins.

Similar to the MT network, there are also a number of proteins which interact
with the actin cytoskeleton; actin-binding proteins (ABP)@'"), These proteins provide a
variety of functions including stabilization and crosslinking of the filaments. Thymosin
and profilin, responsible for regulating actin filament growth mentioned above, are
considered ABPs. There are also ABPs which can alter the length of actin microfilaments
by cutting them. Gelsolin and cofilin are major proteins responsible for the severing of
actin filaments?'®). Further, CapZ and tropomodulin act as actin microfilament capping
proteins. CapZ binds the (+) end while tropomodulin binds the (-) end of actin filaments,
both of which stabilizing the polymer®'®). Further, proteins such as filamin, a-actinin,
spectrin, dystrophin, and fimbrin, all act to crosslink actin filaments together to create
complex networks of polymers?2%), While these protein are all similar in structure such
that they are either dimers or have two actin binding domains, they all differ in how the
crosslink the filaments. For example, a-actinin binds to parallel filaments to connect
them, while filamin crosslinks loose unorganized filaments together®?®. Unlike MT
polymers, actin microfilaments have not been studied as extensively in regards to post-
translational modifications. However, actin has emerged as a major target for reduction
oxidation regulation. It has been shown that a number of residues in actin can be oxidized

or reduced to cause significant difference in cellular form and function®?Y,
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Actin filaments play a number of key functions in the cells beyond the
maintenance of cell integrity@®¥. Actin is thought to be the contractile force of the
cytoskeleton. While MT resist compressive forces, actin helps to resist torsional and
tensile forces®®. This is achieved by linking the cell membrane to the rest of the more
rigid cytoskeletal elements and by attaching the cell to its surrounding environment. If
you were to consider the cell a camping tent, the MT network would be comparable to
the tent pole which prop the tent up, while the actin filament network would be
comparable to the canvas and the tie downs which provide the necessary tension to keep
the pole propped up and also attach the tent to the ground. This contractile property of the
actin filament network allows it to perform its major functions. For example, the
contractility of the network assists in cell migration®??). Fist, when a cell migrates, the
MT network reaches out from the cell. The actin network facilitates the attachment if the
protrusion of the cell. Then using the contractile nature of the actin filaments, the actin
cytoskeleton contracts and pull the cell forward towards that new attachment point?23,
Likewise, once the cell moves forward, the actin cytoskeleton in the trailing end
contracts, pulling the trailing end up to the cell. As mentioned, actin plays an important
role in the attachment of cells to their surrounding environments. Actin does this through
the generation of focal adhesions®®?®). Focal adhesions are the points of attachment for the
cell. Cell surface receptors called integrin bind to the extracellular environment via an
extracellular domain®?¥). Then they span the plasma membrane and attach to the actin
microfilament network via cytosolic domains. Typically the actin filament network binds
to integrins through adapter proteins such as a-actinin and talin®*¥. When these integrins,

adapters, and actin filaments create an attachment point, they cluster together forming
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what is referred to as the focal adhesion®?®. These focal adhesions have been implicated
in a number of cellular processes including signaling events and even
mechanotransduction®?®, Further, during cell division, the actin cytoskeleton creates a
ring around the cell between where the two cells will separate. Then the actin ring
contracts and pinches the cell in half, generating two daughter cells??®. In muscle, the
actin network contractile properties are the basis for how the muscle cells generate force.
It is contraction of the microfilaments which causing the muscle as a whole to
contract®%®,

Important to note is that unlike tubulin, actin can also be found inside the cell
nucleus®?”. Inside the cell nucleus, the actin can form a nuclear actin network which is
comprised of unique actin isoforms and ABPs and serves its own unique functions.
Similar to the cell as a whole, nuclear actin plays a role in maintaining the architecture of
the nucleus, however it can also play a role in transcription and gene activity by
influencing chromosome reorganization and translocation, and by regulating the transport
and activity of transcription factors within the nucleus®??,

More recently the actin microfilament network has been implicated to play
important roles in mechanotransduction®?®. Many recent reports have suggested that
mechanical stimuli causes tugging forces on cell attachment sites which is a nexus for
mechanically induced signaling events?), This is similar to the mechanosome
hypothesis proposed in osteocytes. However, it has also been postulated that actin plays
an important role in regulating gene expression in response to mechanical stimuli by
transducing the mechanical cues to the cell nucleus. It is hypothesized that since the actin

filament network is responsible for maintaining the architecture of the cell nucleus, that
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mechanical stimuli can cause changes in the actin cytoskeleton which perturb or deform
the cell nucleus. This effectively alters nuclear shuttling and subsequent gene
expression®?®. However, while there is evidence to support some of these models, the
exact mechanisms of the actin cytoskeleton’s role in mechanotransduction is still being
explored.

The final element that makes up the cell’s cytoskeleton are the intermediate
filaments (1Fs)9. Unlike MTs and actin filaments which are mainly made up of a single
protein or protein dimer, IFs are made up of a whole family of proteins which have
similar structures®?. They receive their name, intermediate, due to their average
diameter. IFs tend to have a diameter in between that of actin and MTs of around
10nm©@39), There are about 70 different genes which encode for different IF proteins
which all share similar characteristics®®Y. In general IF proteins have a central alpha
helical rod domain that is flanked by more variable non-alpha helical N and C
termini39. IF have a much more complex higher order structure than that of actin and
MTs. The complete and function IF is made of several levels of protein association and
filament interactions before becoming a complete 1F232), You can think of IFs as a rope,
in which several smaller strands wind together to make a larger strand, and then several
of these larger strands wind together to make the rope. IF proteins and filaments tend to
assemble in a very similar fashion. This gives the IFs much stronger mechanical
properties when compared to actin and MTs?33), IFs are very deformable and can even be
stretched to several times their original length. Unlike MTs which can break very easily,
IFs are very resistance to breakage. While MTs are resistant to compressive forces, IFs

tend to be more resistant to tension forces@3),
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There are about 70 different IF proteins which are categorized into six different
types based mainly on their protein sequence and structure®®V. Types | and 1l are acidic
and basic keratins. Keratins are the most divers among the IF proteins. So much so that
they are sub categorized into epithelial keratins, found in epithelial cells and trichocytic
keratins, found in hair, nails, and etc®3V. Type Il IFs are those which can form homo and
heteropolymeric proteins. These IFs include desmin in muscle, glial fibrillary acidic
protein in astrocytes, peripherin in peripheral neurons, and vimentin the most widely
distributed IF found in such cell types as fibroblasts, leukocytes, endothelial, and bone
cells®®). Type IV IFs include a-internexin, neurofilaments, synemin, and syncoilin. Type
V IFs are nuclear lamins. These are specialized IFs which have been shown to have
specialized structural function within the cell nucleus®V. Type Vi IFs are nestin which
plays a specialized role in the nervous system@b, While these six categories makes up
most of the known IF proteins, there are a few that remain unclassified including filensin
and phakinin@®D,

Importantly, IFs do not contain any nucleoside triphosphate binding site like actin
and tubulin. Therefore, assembly is not as strictly regulated as with other cytoskeletal
elements®*, Further, there are no nucleation factors which trigger IF assembly. Instead
IFs laterally associate into full 60nm long unit-length filaments in a process that is
complete in seconds®¥. This is a spontaneous association that is so strong, even at
extremely high pH levels, the assembly still occurs. Then, in a much slower phase, these
unit-length filaments anneal end to end, in order to elongate the filament®*, In the sense,
the unit-length filament serves as both the nucleator and the elongation factor for IF

growth. Interestingly, once the IF is completely formed, there tends to be a reduction in
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filament diameter. This suggests another level of subunit reorganization, however this
“radial compaction” as it is referred to is still not fully understood @34,

IFs tend to assemble in an anti-parallel orientation. Therefore unlike MTs and
actin, the full IF does not exhibit any polarity®*®. Due to this, IFs cannot serve as a basis
for cell matility or intracellular transport. Instead, the main function of the IFs is to
maintain structural integrity of the cell. While MTs and actin are largely cytosolic
structure, with the exception of a small subset of actin, IFs are found throughout the
entirety of the cell @4, IFs link the plasma membrane with the nuclear envelope and even
inside the cell nucleus. Therefore, it makes the IFs unique suited to stabilize and even
determine the shape of the cell. This also gives the IFs a specialized role in cell
attachment, working together with actin filaments to anchor the cell to its surrounding
environment®@3). Further, it has been shown that IFs play a role in stress-bearing. IFs
have been shown to absorb stress on the cell membrane in order to maintain the integrity
of the cell and the overall cell structure®3®. It has also been suggested that the IFs may
play roles in mechanotransduction as they are an integral part of linking the cell to its
environment. It is hypothesized that the tugging effect caused my mechanical strain on
the cell, tugging on attachment points, is a nexus for stimulating a mechanically induced
response®®, IFs could in fact play an important role in mediating this tugging effect as
the IFs try to absorb this stress and maintain the cell structure. A very important function
of IFs is that they also link the elements of the cytoskeleton together®®, This is
extremely important in epithelial cells where IF associated proteins including

plakoglobin, desmoplakin, desmogleins, and desmocollins, link the IFs to desmosomes; a
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structural node which connects the cytoskeleton together both within a cell and with
neighboring cells. IFs in heart muscle cells are connected in a similar fashion®®,

Similar to MTs, many of the IF proteins can be subject to post-translational
modifications®®), The complexity of these modifications and the regulatory control that
they can mediate has only recently become apparent. It has been observed that most IF
proteins can be phosphorylated or ubiquitinated, however there are also specific
modifications that happen to only a few IF proteins3®). IF phosphorylation tends to be
associated with IF reorganization and can be facilitated by a number of kinases and
phosphatases. Further, IF phosphorylation could also cause dynamic subunit exchange in
which an IF subunit can be incorporated anywhere along the IF rather than at the end. IF
phosphorylation has also been shown to play important roles in neuromuscular function,
viral egress, and cell growth@3®, Farnesylation is a modification that has only been
observed in nuclear lamins. This modification allows nuclear lamins to attach to the inner
nuclear membrane and has been shown to play an important role in the structural integrity
of the nuclear envelope. These are a few of the most well understood post-translational
modifications to IF proteins®®®, However, there is accumulating evidence in regards to
sumoylation, glycosylation, transamination, and ribosylation of IF proteins as well.
Acetylation of keratins is a very rapidly expanding field and shows significant evidence
in modulating IF function. However, the full understanding of these modifications and
their impact on IF function is still to be elucidated3®),

Once common feature of all of the elements of the cytoskeleton (MTs, Actin, IFs)
is that they are responsible for maintaining the structural integrity of the cell. Thus, the

cytoskeleton is extremely important when considering the cellular response to mechanical
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signals®". Whether the cell is stretched as is the case with skeletal muscle, or subjected
to fluid flow shear stress as is the case with osteocytes, it is the role of the cytoskeleton to
resist those forces and transduce a cellular response. This combined with growing
evidence that the cytoskeleton plays a more functional role in mechanotransduction,
makes elucidating the precise molecular mechanisms of the role of the cytoskeleton in

these processes vital.

Present Studies
It has been observed that the distribution of cytoskeletal elements seems to

changes when osteoblasts differentiate into osteocytes®®®. It has been shown in primary
osteocytes grown in 3D culture that the cell processes are dependent on actin®®®. Further
it was shown that actin filaments were essential for chicken osteocytes to maintain their
cell structure®). Fimbrin and o-actinin, actin crosslinking proteins are enriched in the
osteocyte processes, with fimbrin being very abundant at the sites of bifurcation of the
processes. Further, osteocytes show higher expression of the cytoskeletal proteins villin
and spectrin when compared to osteoblasts®®3®). These details regarding the actin
cytoskeleton have been widely accepted in the field and have grown many to believe that
the actin cytoskeleton and not the MT network are important for osteocyte
mechanotransduction. Many mathematical models have been introduced which model the
stress level on the actin filaments and have even gone so far to suggest that actin filament
mediated integrin attachment is a point of amplification of the stresses perceived by the
osteocyte which is required in order to stimulate a response®®. However, disruption of
the MT network with the drug colchicine completely abrogated the ability of MLO-Y4
osteocyte-like cells to respond to mechanical signals as indicated by an inhibition of

mechanically induced ERK signaling and PGE; release®*?., One potential explanation for
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this could be that the primary cilium of osteocytes is highly enriched in MTs. Thus,
disruption of the MT network could eliminate the function of the osteocyte primary
cilium inhibiting the ability of the osteocyte to sense mechanical stimuli”®). More
recently, when osteocytes are subjected to fluid flow shear stress, a dynamic remodeling
of the MT network was observed such that the MT polymers orient themselves in the
direction of the fluid flow suggesting a more important role for MTs in the osteocyte
mechanical load response than previously postulated(?,

Another hypothesis of how the cytoskeleton impact osteocyte
mechanotransduction is through the linker of nucleoskeleton and cytoskeleton complex
which creates a continuum of cytoskeletal elements all the way from integrin attachment
points to the inside of the nucleus®*2#2), The hypothesis is that the cellular response to
mechanical cues is caused by nuclear movement within the cytoplasm of the cell. The
impact of the cytoskeleton on osteocyte mechanotransduction is an indirect effect of the
external force being transmitted to and exerted on the nucleus through the cytoskeleton
and the linker of nucleoskeleton and cytoskeleton complex®*®. Some groups have even
used this model to hypothesize that the osteocyte response is due to nuclear deformation
caused by forces transmitted through the cytoskeleton(44-246),

While there is evidence suggesting that any of the proposed hypotheses regarding
the role of the cytoskeleton in osteocyte mechanotransduction could be true, it is also
clear that none of these hypotheses is a complete picture of the osteocyte mechanical load
response. Many of the current hypothesis give large picture and more broad perspectives

on the topic®*". Thus, we set out to explore some of the more precise molecular
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mechanisms of how the osteocyte cytoskeleton modulates osteocyte
mechanotransduction.

Recently, a relay of mechanical signaling has been characterized in heart and
skeletal muscle. This relay involved the stretch mediated activation of nicotinamide
adenine dinucleotide phosphate-oxidase 2 (Nox2) to generate reactive oxygen species
(ROS)@®_ This ROS then leads to the calcium sparks that are characteristic of muscle
contraction. The nexus of NOX2 dependent ROS generation in response to mechanical
cue has been termed X-ROS@*), This model gained significant attention in a model of
Duchenne muscular dystrophy where dense and disorganized MT network accompanies
severe muscle dysfunction®®?). It was shown that increased MT density and increased
cytoskeletal stiffness correlated with the excessive X-ROS in a mouse model of
Duchenne®®". Not long thereafter, it was determined that the mechanism mediating this
excessive X-ROS and increased cytoskeletal stiffness was the MT post-translational
modification detyrosinationt*V). As mentioned above detyrosination is important for
crosslinking the MT network to other cytoskeletal elements. However, stiffening of the
cytoskeleton due to the abundance of detyrosinated MTs is a very recent revelation®*9, It
was shown in cardiac muscle that when the muscle is compressed, the level of
detyrosinated MTs impacts how the MT network absorbs the stress4). When
detyrosination was abundant, the MT network would have increased crosslinking which
would cause the MTs to buckle when the cardiac muscle was compressed. However,
when detyrosination was inhibited, the MTs would slide past one another without

buckling when they cardiac muscle was compressed. This buckling versus sliding action
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of the MT network significantly altered the overall stiffness of the cell, or the cell’s
resistance to mechanical force®’.

Considering that one of the earliest responses to mechanical signals by osteocytes
is calcium mobilization®®, we developed the hypothesis that this mechanism is conserved
in osteocytes and may play a role in regulating the osteocyte mechanical load response.
First, we developed a novel method for introducing fluid flow shear stress to cells in
culture and validated this method against an accepted system for studying fluid flow
shear stress®?, Then, we examined the localization of MTs in a newly developed
immortalized primary osteocyte cell line and determined the abundance and localization
of MT detyrosination 59, Then, we determined the effects of alterations to the MT
network and MT detyrosination on osteocyte calcium mobilization in response to fluid
flow shear stress. Further, we examined potential candidate ion channels which could be
contributing to this calcium response V. We also observed a novel rapid regulation of
sclerostin protein in response to fluid flow shear stress and explored a mechanistic link
between calcium mobilization and sclerostin regulation ?°Y. Finally, we broadly

confirmed that these findings were conserved in vivo.
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Chapter 2: Materials and Methods

Fluid Flow Device Design
The multi-functional Fluid Flow Device (FFD) is designed for applying fluid flow

to a single well of a typical 96 well assay plate (Figure 6A). The FFD has an inlet port
situated in the center of the well and an outlet port slightly offset to one side (Figure 6B).
The FFD is tapered to allow a firm fit in a single well of the multi-well plate (Figure 6C).
The FFD is designed to pair with any standard size 96 well assay plate and can be
connected to any commercially available fluid flow control system (i.e., peristaltic pump,
syringe pump, pressurized or gravity flow system). Furthermore, this device can be
scaled up to accommodate larger tissue culture dishes and can be multiplexed to apply

fluid flow to multiple wells simultaneously within the 96 well plate.

Fluid Flow Simulation
SolidWorks 2015 Flow Simulation software was used to perform computation

fluid dynamics on the FFD and simulate the flow environment inside the well during
flow. The FFD was drawn to scale with a fully enclosed geometry. Two boundary
conditions were set for the flow simulation, inlet pressure and outlet flow volume. The
inlet pressure set to 542.85 dynes/cm? (calculated from our flow rate, 35 mL/min and
tubing diameter, 1.5 mm) and set to pulsate at 6 Hz to simulate pulsatile flow from our
peristaltic pump.

In order to determine the pressure, we used the known inlet diameter and flow
rate. The flow velocity (cm/sec) was calculated using the known flow rate set by our

pump and area of the inlet (calculated from the known diameter) using the equation:
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Figure 6. Computer rendering of the novel FFD.
(A) Design of the FFD. (B) Section cut of the FFD to show the inlet and outlet channels within the device.
(C) The FFD interfacing with a typical 96 well assay plate.
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where v = velocity, Q = flow rate, and A = area of the inlet. Using the calculated velocity,
we determined the pressure in Pascals using the Navier-Stokes equation simplified to

Bernoulli's equation:

1

E,DVZ +p + pgz
where p = density, V = velocity, p = pressure, g = gravity, and z = height. In order for
Bernoulli's principle to hold true for our system, the following assumptions were made:
(1) flow buffer is a Newtonian fluid, (2) the flow is incompressible, and (3) there is no
friction inside the flow. The outlet flow volume was set to 5.8 x 10-7 m3/s. For all

simulations, the flow buffer was assumed to be similar to water (i.e., density = 1 g/cm3).

Chemicals and Reagents
Taxol, colchicine, GSK2193874, GSK-1016790A. N-acetylcysteine,

Parthenolide, MG-132, KN-93, Bafilomyocin Al, and Brefeldin A were purchased from
Sigma. BAPTA AM ester and Jasplakinolide was from Cayman Chemical. GP91ds-TAT

was from Anaspec. siR-tubulin was from Cytoskeleton, Inc.

Cell Culture and Treatments
UMR-106 rat osteoblast-like cells (ATCC) were cultured in DMEM media

containing 10% FBS, 1X penicillin/streptomycin, and 2.5mL gentamycin, and cultured at
37°C, 5% CO, as described. Media was changed every two to three days®?).
Osteocyte-like OCY454 cells were provided by Dr. Divieti-Pajevic at Boston

University®®. This is an immortalized primary osteocyte like cell line developed by
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breeding DMP-1 GFP mice with mice expressing SV40 large T antigen (Immortomouse,
Charles River Laboratories). The double transgenic offspring were euthanized and
osteocytes isolated from long bones. The isolated cells were then sorted for DMP1-GFP
expression using fluorescence activated cell sorting (FACS) to yield a homogeneous
osteocytic population of cells. The cells were then validated for expression of accepted
osteocyte gene and protein markers, including SOST/sclerostin and TNFSF11/RANKL,
PTH and PGE; responsiveness, and fluid flow shear stress responsiveness*9),

OCY454 cells were cultured on type | rat tail collagen (BD Biosciences) coated
dishes in a-MEM supplemented with 10% FBS, 1X penicillin/streptomycin, and 2.5mL
gentamycin. Cells were maintained at 33°C and 5% CO,. Media was changed every two
to three days. Prior to experiments cells were seeded into appropriate tissue culture
treated vessel and maintained at 37°C and 5% CO- overnight19,

For alteration of the MT network, cells were pretreated with 0.1% DMSO
(control), colchicine (2 uM, 20 min), Taxol (1 uM, 2 h), or PTL (25 uM, 2 h). In the case
of the combined treatment, cells were dosed with PTL for 30 min before Taxol was added
to the same media for an additional 1.5 h for a total incubation time of 2 h. To modulate
TRPV4 activity, the cells were treated with the TRPV4 antagonist GSK2193874 (15 uM,
30 min) or TRPV4 agonist GSK-1016790A (15 uM, 30 min) prior to the stimulation of
the cells. To modulate reactive oxygen species, the cells were treated with NAC (10 mM,
15 min), H202 (100 pM, 30 min), or GP91ds-TAT (10 uM, 30 min) prior to the
stimulation of the cells. To modulate the actin cytoskeleton, cells were treated with
jasplakinolide (10 uM, 2 h). To inhibit CamKII signaling, cells were treated with KN-93

(10 uM, 2 h). To inhibit protein secretion, cells were treated with Brefeldin A (2 uM, 3
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h). To inhibit lysosomal degradation, cells were treated with Bafilomyocin Al (100 nM,

6 h). To inhibit proteasomal degradation, cells were treated with MG-132 (10 uM, 3 h).

Transient Transfections
One day prior to transfection, cells were seeded at 25,000-30,000 cells/cm? in the

appropriate multiwell tissue culture plate®®?. Ocy454 cells were transfected with
JetPrime reagent (Polypus), according to manufacturer’s recommendations®®?), ON-
TARGETplus mouse TRPV4 siRNA and ON-TARGETDplus non-targeting sSiRNA were
purchased from Dharmacon. siRNAs were used at 0.42 pg/cm?. CamKII T286D and
CamKIl T286A constructs were purchased from Addgene. pMAX GFP control plasmid
was purchased from Lonza. Plasmids were used at 0.27 pug/cm?. Cell treatments were

begun 48 h post-transfection.

Fluid Flow Shear Stress (FSS) Application
Cells in culture were exposed to fluid flow using our custom FFD®9, Following

cell treatments, cells were removed from incubators and cell media was removed. Cells
were rinsed in HEPES-buffered Ringer solution containing 140mM NaCl, 4mM KCl,
1mM MgSO4, 5mM NaHCOs3, 10mM glucose, 1.8mM CaCl, and 10mM HEPES (pH
7.3). Ringer solution was also used as fluid flow buffer@®®. For Calcium-free conditions,
HEPES-buffered Manganese Ringer solution, containing 140mM NaCl, 4mM KCI, 1mM
MgSQO4, 5mM NaHCOs3, 10mM glucose, 2mM MnClI and 10mM HEPES (pH 7.3), was
used and cells were loaded with BAPTA AM ester. FFD was placed into well of tissue

culture plate and cells were subjected to 4 dynes/cm? or 16 dynes/cm? of FSS as indicated
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for 1 min. Following application of FSS, cells were immediately lysed for Western blot

analysis or RNA isolation.

Calcium and ROS Imaging
Cells were seeded into optically clear 96-well plates (Corning), incubated

overnight at 37°C, and 5% CO- and treated as indicated. For Ca?* imaging, cells were
loaded with Fluo-4 AM ester (ThermoFisher, SuM) for 30 min, washed, and allowed to
rest for 15 min to allow dye de-esterification, as described. For ROS imaging, cells were
loaded with CellROX Deep Red Reagenet (ThermFisher, 5uM) for 30min and then
washed, according to manufacturer’s recommendations. Individual wells were imaged on
an inverted fluorescence microscope equipped with a mercury light source, Ludel
excitation filter wheel (ex: 485) and a Nikon DS-Qi2 (em: 510-535). All imaging
automation was controlled by Nikon NIS-Elements software®Y. For all Ca?* imaging
experiments, time lapse images were collected every 500 ms for 30 sec before initiation
of fluid flow, then fluid flow was turned on and cells were imaged for 1 min during fluid
flow. For ROS imaging experiments, time lapse images were collected every 1 sec for 30
sec before initiation of fluid flow, then fluid flow was turned on and cells were imaged
for 1 min during fluid flow. After 1 min, fluid flow was turned off and cells were imaged
for another 30 sec post fluid flow. Time-lapse fluorescence intensity measurements were
collected using ImageJ Time Series Analyzer plugin and data was analyzed and plotted

using Origin Pro software.
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Atomic Force Microscopy
Ocy454 cells were plated onto 22 mm x 22 mm glass coverslips and allowed to

grow for 16-24 h at 37 °C, 5% CO. with cMEM media. Thereafter, cells were washed
with PBS before being incubated with pharmacological agents as indicated for 2 h at
37°C, 5% CO2 in tcMEM. After each treatment, cells were transferred to 60 mm culture
dishes with pre-warmed HEPES based media containing identical concentrations of the
aforementioned agents. The HEPES media is free of phenol red and provides extra
buffering capacity during imaging. Cells were probed with an MFP-1D atomic force
microscope (Asylum Research) using MLCT cantilevers (Bruker) with a nominal spring
constant of k=0.01 N/m®53259)_The pull distance used was 2 um with a tip velocity of 4
pm/s to generate ~1-2 nN of force onto the cell corresponding to ~1 pm indentation
ensuring that the cytoskeleton was effectively being probed. The elastic moduli (i.e., the
stiffness) of the cells were calculated using the Sneddon/Hertz model which has been

described previously®@®,

Immunofluorescence
Ocy454 cells were seeded on glass coverslips and grown overnight at 37°C, 5%

CO,®®, After 24 h the cells were washed with pre-warmed PBS twice. The cells were
fixed at room temperature with 4% formaldehyde in PBS for 15 min. The cells were then
permeabilized with 0.1% triton X-100 in PBS for 8 min. For histological sections of
bone, decalcified, paraffin embedded sections were prepared using 3 —5 min washes in
xylene, 2 — 10 min washes in 100% ethanol, 2 — 10 min washes in 90% ethanol and 2 — 5
min washes in MilliQ water®?. Coverslips or sections were incubated in SuperBlock PBS

(Life Technologies) for 1 h before the addition of primary antibodies. Primary antibodies
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were diluted in SuperBlock PBS and added to the coverslips or sections for an overnight
incubation at 4°C. Secondary antibodies were diluted in SuperBlock PBS and incubated
at room temperature for 6 h. Coverslips were mounted using ProLong Diamond with
DAPI (Life Technologies). The antibodies used were: a-tubulin (Sigma, T9026), Glu-
tubulin (Abcam, ab48389) and TRPV4 (Abcam, ab39260). Goat anti-mouse Alexa 488,
647 and goat anti-rabbit Alexa 488, 568 were purchased from Life Technologies. Actin
was stained using phalloidin-TRITC (Molecular Probes). Slides were imaged on the same
inverted fluorescence microscope equipped with a mercury light source, Ludel excitation
filter wheel (ex: 485) and a Nikon DS-Qi2 (em: 510-535) as used for Ca2* imaging

experiments®4Y),

SiR-tubulin labeling and confocal imaging.
Murine long bones (tibia, fibula) were isolated, flushed of marrow, and placed in

60mm Fluo-dish glass bottom plates. These long bones were then incubated in tMEM
containing the live cell tubulin stain, SiR-tubulin (1uM; 37°C and 5% CO- for 2 hr).
Confocal fluorescent imaging (Nikon A1R; 40x H20 Obj, 1,4ANA) was used to profile the
structure of the MT network in the bone embedded osteocytes as previously

described®®?),

Western Blotting
Western blotting of whole cell extracts isolated from cells in culture following

FSS were prepared using modified RIPA buffer containing 50 mM Tris, pH 8.0, 150 mM
NaCl, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 10 mM -
glycerophosphate, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,

0.1% SDS and 1 x HALT protease and phosphatase inhibitor cocktail (Thermo
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Scientific)®7". Long bone extracts from murine tibia or ulnar were prepared using same
modified RIPA buffer by adding 5-6 1.6mm diameter stainless steel beads (Next
Advance) to an Eppendorf tube containing excised bone cleaned of soft tissue and
flushed of bone marrow. Samples were then homogenized in a Next Advance Bullet
Blender system at 5 min intervals for 15 min total at 4°C. Protein concentrations were
determined used Pierce BCA Protein Assay Kit (Thermo Scientific)©?.

Equal amount of protein were loaded and electrophoresed on 10% SDS-PAGE
gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked
in 5% non-fat dry milk, except with sclerostin antibody, membranes were blocked in 5%
non-fat dry milk with 3% BSA. Membranes were probed with the indicated primary
antibodies in blocking buffer overnight at 4°C. Antibodies were detected with the
appropriate horseradish peroxidase—conjugated secondary antibodies (Cell Signaling
Technology) and enhanced chemiluminescence detection reagent (BioRad)®%®).

The antibodies used were: sclerostin (R&D Systems, AF1589), a-tubulin (Sigma,
T9026), Glu-tubulin (Abcam, ab48389), phospho- or total pan-PKC (Cell Signaling
Technologies, 9371S, 2058S), phospho- or total ERK1/2 (Cell Signaling Technologies,
9101L, 9102L), phosph- or total CamKI1 (Cell Signaling Technologies, 12716S, 119455S)
and GAPDH (Millipore, MAB374). Blots were acquired using an EpiChem gel
documentation system (UVP Bioimaging Systems) and analyzed using ImageJ

software(®9,

Quantitative RT-PCR
RNA extraction was done by Directzol RNA mini prep (Zymo). RNA was reverse

transcribed with either iScript (BioRad) or RevertAid (Fermentas) reverse transcription
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master mix, according to the manufacturer directions. Quantitative real time PCR was
carried out by SYBR green master mix from Quanta using an Applied Biosystems 7300
sequence detection system. A melting curve was performed to ensure amplification of a
single PCR product. For each sample, the relative gene expression was determined by
simultaneously normalizing the gene of interest with three housekeeping genes (RPLI13,
HPRT and GAPDH) by the 2—AACt method, using GeNorm v3.5 software (Ghent
University Hospital Ghent, Belgium) as described®®). Primer sequences are shown in

Table 1.

Micro Computed Tomography (microCT)
8-week-old male mice were treated with 75mg/kg of Taxol every other day for 3

doses and then sacrificed 30 days later. Femurs were dissected and fixed in 4% PFA for
2—4 days and then transferred to 70% ethanol®”). Three-dimensional microCT was
performed on the femurs using SkyScan 1172 (Bruker, Kontich, Belgium). The skeletal
parameters assessed by microCT followed published nomenclature guidelines (Bouxsein
et al., 2010). Bone morphology and microstructure were assessed at the mid-diaphysis for
cortical parameters, including cortical bone volume (Ct.TV), periosteal perimeter
(Ct.Peri.Pm), endosteal perimeter (Ct.Endo.Pm), cortical thickness (Ct.Th), cortical
porosity (Ct. Po) and mean polar moment of inertia (MMI). Trabecular parameters were
assessed at the distal femoral metaphysis for trabecular parameters, including the
trabecular bone volume fraction (BV/TV), trabecular bone thickness (Th.Th), trabecular
number (Th.N) and trabecular separation (Th. Sp). Analysis was completed with n=4.
Femurs were scanned with 2K resolution, a 10 pm® voxel size, and 0.5 mm Al filter at 60

kV and 167 pA. Trabecular bone was delineated manually in a region of interest 0.2 mm
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Calcium Channel Primers

Gene Forward Primer Reverse Primer
Cavl.2 CCTTAAGTCAAAGCAACTTTTTTTCC ACCGCCTTATCTAAACTGACTGTTAAC
Cavl.3 CCCAAAAACCCATACCAGTACAAG CCAGGCAGAGCGTGTTGAG
Cavl.4 TCCCGCATATCTATCACGTTCTT TCACCCTTACTGAGCAGCTTCA
Cav3.1 GGCTTAGTTCCCCGCTGTCT GGTACCATCTGCAAAAGGATCAG
Cav3.2 TGGGTTCCGGAGGTTCTTC CAGCGCAATGCCCATGA
Cav3.3 TTTCTTCAAGGACCGATGGAA CGCAGAACACGCATGATACG
Cavl.l CGAGGGCTTGAACAAAATCATC GGCACTTCCAGCGGAAGA
TRPC1 TGACCTCCATGCGACAGAAG GACAGATCTTGGCGCAGTTCA
TRPC2 GATTCCTGTCGGATGTGTATAGGTTAG CCCTGAAGAGAGGTGATTAAAGTAGGT
TRPC3 GGAAGGCCTCTATGCCATAGCT GCTCTCGTTTGCAGGGAGAAT
TRPC4 AGCCTCTTTGATTTAACCACTCTGA TAGGTTATGTCTCTCGGAGGCAAT
TRPCS TGGCACCTTACCACCTCCTT GTTGAACCAGTTGCCAAGATAGAGA
TRPC6 CACTGCCTGTCCCCTTCAAT AGCTCAGACATCCATTTCTTAAATTTC
TRPC7 GGGCACGTGGGCTGATATC CTTGTCTCTCCCAACAGCCTAGTT
TRPA1 TGAGATCGACGGGAGTGTTTATC GGTGCTGAAGGCATCTTGGA
TRPV1 TTTCAGGGTGGACGAGGTAAA AGTTGCCTGGGTCCTCGTT
TRPV2 GATGAGCGCTGGTGCTTCA ATCCTCAGATAAGGTGGGAAGAGTCT
TRPV3 CATGTCTAGAAGATCTGAGCTAAGTTGATC |[TAAGGGTATTCCCATAGCTCATTCC
TRPV4 ACAAGAACTCAGGCACAGATGAAG GCTGGTGGCCGTCACAGT
TRPV5S TCGAGCTCAGGTTTGACTCATC GGAAATCTTGCCTGTTACTCTGACA
TRPV6 AATAAGTGGGAGGGCACAGAAC TCACACGCTTTCCCACAATC

Table 1: Calcium channel primer sequences used for qRT-PCR.
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to 2.0 mm proximal to the distal femoral growth plate. For cortical bone
parameters, transverse microCT scans were performed at the femoral diaphysis beginning
at 56% of the femoral length (measured from the head of the femur) extending 0.6 mm

distally®?,

Ulnar Loading
Mice were anesthetized with isoflurane (0.5% - 2%) and forelimb positioned into

a modified 305B muscle lever system (Aurora Scientific Inc.) The volar flexed carpus
was placed into a small cup on a fixed substrate while the elbow was placed into a small
cup on the lever arm of the force transducer. Limbs were preloaded at 0.3 N and then
subjected to repeated loading of 2.5 N at a frequency of 2 Hz for 90 secs®?. This was
performed daily for 3 days. Ulnar loading was controlled by an Aurora Scientific Inc.
force transducer system. After the third day of loading, the mice were euthanized and
ulna were excised for molecular analysis. Contralateral unloaded ulna were used as

controls(@9),

Dyamic Histomorphometry
Mice were subjected to daily bouts of ulnar loading for 3 days. On day 3 mice

were injected with Calcein (i.p. 30uM). After 14 days, mice were injected with alizarin
red (i.p., 30uM). 3 days later mice were euthanized and the ulnas isolated and flash
frozen. Frozen ulnas were then cut in 100um transverse sections and imaged on same
inverted microscope used for immunofluorescence experiments, equipped with a mercury

light source, Ludel excitation filter wheel (ex: 485) and a Nikon DS-Qi2 (em: 510-535).
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Statistical Analysis
Experiments were repeated a minimum of 3 times with triplicate samples, unless

indicated otherwise. Graphs show averages with error bars indicating standard error.
Samples were compared by an ANOVA for unpaired samples with a Dunnet’s or Holm-
Sidak post-hoc test or a t-test, as appropriate, using GraphPad Prism 6 software. A p-

value <0.05 was used as a threshold for statistical significance.
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Chapter 3: Design and Validation of Fluid Flow Shear Stress Model

Introduction
Cells respond to their mechanical environment by activating biochemical

signaling pathways, a process known as mechanotransduction. Mechanotransduction
regulates diverse physiologic function in healthy cells and burgeoning evidence
implicates dysregulation of mechanotransduction cascades in disease pathology 6.
Given that these mechanotransduction pathways often integrate multiple signaling events,
there is a growing interest to identify key signaling nodes that can be targeted to
modulate outputs that drive physiology or disease.

In the skeletal system, osteocytes sense mechanical strain within bone and
respond with mechanotransduction signals (e.g., calcium (Ca2*), nitric oxide,
extracellular ATP) and the expression of factors (e.g. receptor activator of NFkB ligand
(RANKL) and sclerostin) that control the activity of bone resorbing osteoclasts and bone
forming osteoblasts 7112262265 - Gjyen that fluid flow through the lacunar-canalicular
network generates shear stress driving mechanotransduction in bone 7, fluid flow is
most often used to interrogate osteocyte response to mechanical load.

A number of commercially available (283266267 and do-it-yourself ¢¢8-270)
systems have been developed to model fluid flow in osteoblast and osteocyte-like
cultured cells and each has its own limitations, such as limited throughput and/or
functionality. We have designed a multifunctional fluid flow device (FFD) that when
paired with standard 96 well culture plates and a commonly used fluid flow apparatus
(e.g., peristaltic pump, syringe pump, pressurized or gravity flow system), provides the

user a versatile, cost-effective device that can be easily used for both live cell imaging
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and molecular biology applications. Further, this device is scalable and can be adapted to

medium-to-high throughput application.

Results

Computational Fluid Dynamics
The results of the fluid flow simulation indicate that the fluid flows through the

inlet of the FFD, where it impacts the bottom of the well and then spreads radially and
evenly (Figure 7A). Then the fluid flows up the walls of the well before being pulled
through the outlet of the FFD, without interrupting the flow across the bottom of the well
(Figure 7B). In addition to flow trajectories, the computational solver calculated dynamic
pressure (Figure 8A), flow velocity (Figure 8B), turbulence intensity (Figure 8C) inside
the well, and the average shear stress at the bottom surface of the well (Figure 8D). Under
the described conditions, the cell monolayer cultured on the bottom of the tissue culture
vessel are subjected to a uniform average 4 dynes/cm? of shear stress (Figure 8D).
Further, the velocity trajectories indicate that the flow across the bottom surface of the
well is uniform such that the entire well of cells will be subjected to the same forces
(Figure 7). The turbulence intensity within the system without the addition of cells is
extremely low, 0.65% (Figure 8C). These findings show that the FFD mimics physiologic

fluid flow reported to be experienced by bone cells in vivo @7,

Device Validation
It is well established that osteoblasts, including UMR106 osteoblast-like cells, are

mechano-responsive with fluid flow inducing a rapid influx of Ca2* across the plasma
membrane (%112.272-279) - \We validated the FFD by comparing fluid flow-induced Ca?*
influx with this device to that obtained with the widely used Ibidi chamber; a
commercially available device that allows biologically relevant laminar flow derived

shear stress on cells cultured within the chambers. Comparing the response of UMR106
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A. Front View B.

Top View

Figure 7. Vector lines indicating fluid flow trajectories.
(A) Trajectories of flow from the front section view and a top view. (B) Up close view of the inlet and

outlet trajectories within the well of the plate. Data were determined using SolidWorks 2015 Flow
Simulation software.

Average Shear Stress

°
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Figure 8. Computational fluid dynamics.

(A) Simulated dynamic pressure within the device and well. (B) Simulated velocity within the device and
well. (C) Simulated turbulence intensity within the device and well. (D) Simulated shear stress at the
bottom surface of the well. Computational trace of the average shear stress at the bottom surface of the well
over time. Data were determined using SolidWorks 2015 Flow Simulation software.
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cells between both devices yielded virtually indistinguishable peak Ca?* magnitudes and
elevation/decay kinetics of Ca?*-dependent fluorescence (Figure 9). The Ca?* traces
shown in Figure 9 are the average traces calculated from single cell traces (n>30) from
three independent experiments. Single cell traces from a single, representative experiment
are shown in Figure 9B. To validate that this Ca?* influx is biologically relevant, western
blot analysis was performed for activation of PKC signaling, a ubiquitous Ca®*-dependent
signaling pathway. Indeed, a rapid phosphorylation of PKC was observed in response to
FSS (Figure 10)

In addition to Ca?* influx, fluid flow initiates ERK signaling in osteoblasts,
including UMR106 cells 280283 e tested the response of UMR106 cells seeded in a 96
well tissue culture plate and subjected the cells to 4 dynes/cm? of shear stress for 1
minute. After flow, the cells were immediately lysed and examined by western blot.
Consistent with the literature, fluid flow-induced rapid activation of ERK signaling as
indicated by an increase in phosphorylated-ERK (Figure 10). These data support the
notion that the FFD generates a physiologic conditions and biological responses

comparable to the accepted commercially available methods.

Device Multiplexing
In order to demonstrate the multiplexing capability of the FFD to be used for

simultaneous independent replicates, we performed western blot analysis on whole cell
extracts from UMR106 cells subjected to fluid flow simultaneously in separate wells.

Indeed, we observe similar activation of both ERK and PKC signaling across each well
(Figure 11). These data demonstrate the consistent stimulation and biological responses

among cells simultaneously exposed to fluid flow conditions across independent wells.
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Figure 9. Real-time Ca2+ imaging of UMR106 cells during application of fluid flow.

(A) Fluo-4 Ca2+ indicator dye fluorescence before (basal) and during flow (response) of cells seeded in
both the Ibidi chambers and a 96 well plate with the FFD. Red line in image sequence indicates start and
duration of fluid flow. (B) Trace of Ca2+ indicator dye fluorescence intensity over time scaled to same
basal level of fluorescence intensity. (C) Peak change in Ca2+ indicator dye fluorescence intensity and
elevation/decay kinetics of Ca2+-dependent fluorescence. Asterisks indicate statistical significance at
p<0.05.
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Figure 10. Western blot analysis of UMR106 cells exposed to fluid flow in the FFD.

Fluid flow induced rapid activation of PKC signaling and ERK signaling as indicated by an increase in
phosphorylated PKC and phosphorylated ERK. Data are from the same gel and exposure. ImageJ
quantification of western blot relative to GAPDH. Asterisks indicate statistical significance at p<0.05.
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Discussion
We have designed a fluid flow device to enable cell-based assays of fluid flow-

dependent mechanotransduction. This FFD addressed the lack of a cost-effective and
functionally flexible platform for these measures. Our approach was to design a low-cost
flexible perfusion apparatus that, when coupled with commercially available 96 well
plates and commonly available perfusion apparatus, yields such a system. Importantly,
model simulations revealed that the FFD delivers physiologically relevant fluid flow to
cultured cells. We also show that fluid flow with the FFD yielded quantitatively similar
results to those reported with a commercially available system (%284285) Together the
results support the FFD as a reliable and valid solution to the shortcomings of
commercially available fluid flow systems (i.e., cost and functionality).

The design of the FFD yields several important advantages over other fluid flow
systems. First, the FFD couples to commercially available 96 well plates. This format
supports both imaging as well as molecular and biochemical analyses using the same
device. Indeed, we were unable to recover sufficient amounts of protein from the Ibidi
chambers to perform analysis of signaling events by western blotting, underscoring the
multifunctional applicability of our device. Using the same device for every experiment,
rather than a device specifically for imaging and another device specifically for molecular
and biochemical analyses, reduces experimental variables %), Furthermore, this format
also allows expandability to a medium-to-high throughput cell culture platform if
multiple FFDs are used in the same plate with a multichannel peristaltic pump, obtaining
fully independent replicates for each sample. Supporting this notion, our western blotting
data demonstrate the consistent biological response to fluid flow among simultaneously

stimulated wells using the multiplex format. Second, the FFD supports various fluid flow
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Figure 11. Demonstration of the multiplexing capability of the FFD.

(A) Example of the multi-channel peristaltic pumped used when multiplexing the FFD and a computer
rendering of the FFD multiplexed in a single 96 well assay plate across 6 independent wells. (B) Western
blot analysis of UMR106 cells simultaneously exposed to fluid flow in separate wells. ImageJ
quantification of western blot analysis relative to GAPDH. Asterisks indicate statistical significance at
p<0.05.
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systems, which expands the flexibility and versatility of this system. Taken together, the
FFD design provides a flexibility in function that is unparalleled by any currently
available commercial solutions. Third, a significant advantage of the FFD is the cost
savings. Current commercial devices that incorporate a culture platform enclosed in a
perfusion chamber can be prohibitively expensive. While these chambers are more cost
effective than full commercial systems that cost upwards of $30K, the FFD presented
here offers a significant cost-savings given the estimated cost of a few dollars per unit
plus the cost of a 96 well plate.

In conclusion, the FFD presented here overcomes a variety of drawbacks that are
associated with currently available models ?®". This FFD is highly versatile in its
functionality and cost substantially less. Also, the device delivers physiologically relevant
fluid flow conditions to cells in monolayer culture. The device elicits biological
responses in osteoblast-like cells similar to what is reported in the field (928428 Qverall,
this device provides an improved method for studying the response of not only bone
cells, but also any mechano-responsive cell type in vitro and will help advance the study

of mechanotransduction.
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Chapter 4: Osteocyte response to fluid shear stress is regulated by
detyrosinated microtubules dependent cytoskeletal stiffness

Introduction
Bone dynamically remodels to adapt to mechanical loads in order to maintain its

structural integrity. Bone-embedded osteocytes, residing in the fluid filled lacunar-
canalicular system, are central to skeletal mechano-responsiveness®”). In response to
mechanical load, osteocytes experience fluid shear stress (FSS), which triggers Ca?",
extracellular ATP, nitric oxide, and PGE; signals®"?)and orchestrate bone remodeling
through effector molecules, like sclerostin, RANKL and osteoprotegerin "57:288) These
effectors act on bone forming osteoblasts and bone resorbing osteoclasts to add, remove
and replace bone to accommodate mechanical demands. Sclerostin (gene name: SOST) is
an osteocyte-specific secreted glycoprotein that suppresses bone formation by
antagonizing canonical Wnt/B-catenin signaling, reducing osteoblast differentiation, and
bone formation?8289_|n a fundamentally important response to mechanical load,
osteocytes reduce sclerostin expression, leading to “de-repression” of osteoblastogenesis
and stimulation of de novo bone formation (3829,

In humans, SOST deficiency leads to the high bone mass disorders sclerosteosis
and van Buchem disease ‘2%121) and genetic ablation of SOST in mice results in a
profound increase in bone mass 19, Despite evidence that therapeutically targeting
sclerostin is extraordinarily effective at improving bone quality in animal models and in
humans %129 the mechanotransduction pathways linking FSS to the downregulation of
sclerostin remain undefined. Similarly, despite the mechano-responsive nature of

osteocytes, the identity of the “mechano-sensor” is controversial. Furthermore, while
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integrin-associated mechanosomes, osteocyte cell processes, primary cilia and
connexin43 hemichannels have been implicated as mechano-sensors and in mechano-
activated Ca?* influx in bone cells ¢971.293-2%) they have not been mechanistically linked
to sclerostin downregulation.

The cytoskeleton, composed of microtubules (MT), actin and intermediate
filaments, is a dynamic structure that forms an interconnected three-dimensional
framework of molecular struts and cables within the cell ?°". A growing body of
evidence indicates that the cytoskeleton is critical for the cellular response to the
mechanical environment, as it integrates and transduces mechanical energy to mechano-
sensitive proteins that generate biological signals in a broad range of cell types (?282%),
MTs, composed of polymerized a-and B-tubulin dimers, serve as critical struts that resist
compressive forces on the cell @), The MT network is a dynamic structure whose
density and stability is regulated by post-translational modifications (e.g., detyrosination,
acetylation and phosphorylation) and microtubule associated proteins (MAPS) that affect
the equilibrium between MT filament growth, disassembly, and association with other
cytoskeletal elements 642%). When the a-tubulin subunit of MTs is detyrosinated
generating Glu-tubulin, this subset of modified MTs forms crosslinks with actin
microfilaments and intermediate filaments, stabilizing and stiffening the cytoskeleton as a
whole (174,300,301)_

In this chapter, we demonstrate a microtubule (MT)-dependent
mechanotransduction pathway linking FSS to sclerostin downregulation in osteocytes.
Specifically, our data reveal that the MT network defines the mechano-sensitivity of

osteocytes to FSS. The subsequent Ca?* influx drives sclerostin downregulation.
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Additionally, we show that a subset of post-translationally modified MTs, and more
specifically Glu-tubulin, tune cytoskeletal stiffness, which defines the mechano-

sensitivity of osteocytes to FSS, leading to regulation of sclerostin bioavailability.

Results
Ocy454 cells respond to FSS with a rapid increase in intracellular Ca?* that is required
for the mechanically-induced downregulation of sclerostin.

Unlike some of the commonly used osteocyte cell lines, the recently developed

Ocy454 osteocyte line, derived from the Immortomouse, reliably produce detectable
sclerostin protein and are sensitive to mechanical stimuli %, In Ocy454 cells loaded
with the Ca?* indicator dye Fluo-4AM, FSS at 4 dynes/cm? elicited a rapid, transient
increase in intracellular [Ca?*] in ~84% of cells (Figure 12A,B), resulting in a
concomitant 3-fold decrease in sclerostin protein observed within 5 minutes post-FSS
(Figure 12 C). This FSS-induced downregulation of sclerostin protein was inhibited by
blocking Ca?* signaling, by loading the cells with BAPTA AM and removing Ca?* from
the fluid flow buffer (Figure 12C), demonstrating that Ca?* is required for the

downregulation of sclerostin.

Microtubules are present in the putative mechano-sensitive cell structures of Ocy454
cells.

The cytoskeleton, comprised of actin, MT and intermediate filament networks, is
a dynamic structural and signaling scaffold within all cells. While the cytoskeleton has a
multiplicity of cellular functions, its ability to transmit mechanical forces to proteins and
enzymes that generate biological signals make it essential for mechanotransduction. In

other cell types, MTs have been implicated in mechanotransduction-elicited Ca?*
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Figure 12. FSS induces a rapid Ca2+ response in Ocy454 cells that is required for sclerostin
downregulation.

(A) Representative images of Ocy454 cells loaded with Fluo-4 Ca2+ indicator dye imaged in real-time
during exposure to 4 dynes/cm2 FSS. Pseudocolored images are shown. n=5 independent experiments.

Scale bar, 100 um. (B) FSS-induced Ca2+ response in Ocy454 cells exposed to 4 dynes/cm2 FSS. The
calcium trace indicates Fluo-4 fluorescence changes over time. The average calcium trace of all cells is
shown in a bold line. Representative individual cell Ca’ traces are shown in gray. % Cells Responding
indicates number of cells which elicit more than 25% increase in fluorescence (mean + s.e.m.). (C)

Untreated Ocy454 cells and BAPTA-AM ester loaded Ocy454 cells were subjected to 4 dynes/cm2 FSS

with Ca*" containing or ca’ free flow buffer, respectively. Immunoblotting was performed for sclerostin
(n=3 independent experiments). GAPDH served as a loading control. Densitometric quantitation of the
sclerostin to GAPDH ratio is shown. Statistical significance determined using one-way ANOVA with
Dunnet’s post hoc test. # indicates p <.0001 versus control, ns indicates not statistically significant.
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signaling %2399 1n bone cells, an intact MT network is required for mechano-sensation
by osteoblasts or osteocytes in culture 40305300 and the MT network of osteocytes
remodels and reorients itself in response to FSS (2%07:308)  Additionally, MTs are an
important component of the primary cilia, which has been proposed as a mechano-sensor
in osteocytes (™). Another putative mechano-sensitive component is the long cellular
process, extending from the cell body of the osteocyte, which is extraordinarily sensitive
to FSS application ®°. Immunofluorescent labeling of Ocy454 cells revealed significant
MT structure within the cell processes and primary cilia of Ocy454 cells (Figure 13A).
Similarly, ex vivo murine femurs labeled with SiR-tubulin, a live cell MT label, revealed
distinct fluorescence within the osteocyte cell processes, indicating the presence of MTs

within the proposed mechano-sensitive structures of osteocytes (Figure 13B).

Microtubules are required for the osteocyte response to FSS.
The MT network is dynamically unstable with MT-end binding proteins and post-

translational modifications promoting MT filament disassembly or growth. Previous
reports in osteoblasts/osteocytes showed that colchicine, a drug that binds tubulin and
promotes MT depolymerization, inhibited ERK signaling, cell proliferation, and altered
osteoblast gene expression (osteopontin, collagen and matrix metalloproteinases) 40305
307 Consistent with these reports, we observed that reduction of the MT network density
with colchicine treatment (2uM, 20 min) of Ocy454 cells reduced responses to
mechanical cues. In response to either 4 or 16 dynes/cm? of FSS, colchicine treatment
significantly decreased the number of cells responding (i.e., decreased mechano-

sensitivity), while also reducing the magnitude (peak AF/F) of the Ca®* response (i.e.,
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Figure 13. Microtubules are present in the mechanically sensitive areas of osteocytes in vitro and in

situ, and an intact MT network is required for FSS-induced Ca2+ influx and sclerostin
downregulation.

(A) Ocy454 cells were fixed and stained for a-tubulin, phalloidin (actin), and DAPI (nuclei). Insets depict
location of a-tubulin in osteocyte cell process and primary cilia, indicated by red arrows. Scale bar, 10 pm.
(B) Murine femurs stained with SiR-tubulin imaged by confocal microscopy. White arrows indicate the

presence of MTs in the osteocyte cell processes in situ. Scale bar, 20 pm. (C) FSS-induced Ca response of

Fluo-4 loaded Ocy454 cells treated with colchicine and subjected to 4 dynes/cm2 FSS. The calcium trace
(left) indicates the average Fluo-4 fluorescence changes over time, % Cells Responding (middle) indicates
number of cells which elicit more than 25% increase fluorescence, and Peak (AF/F) indicates peak

magnitude of ca”’ response in those cells that responded (right). ca” traces are aggregated data from >200
cells imaged in n=3 independent experiments across all conditions. (D) FSS-induced ca”’ response of Fluo-

4 loaded Ocy454 cells treated with colchicine and subjected to 16 dynes/cm2 FSS. Ca’ traces are
aggregated data from >200 cells imaged in n=3 independent experiments. (E) Ocy454 cells treated with

colchicine were subjected to 4 dynes/cm2 FSS followed by immunoblotting for sclerostin. GAPDH served
as a loading control. Sclerostin to GAPDH ratio is indicated (n=3 independent experiments). The image is
from a single exposure of a contiguous membrane. The vertical dotted line indicates the removal of
irrelevant lanes. (F) Immunostaining for a-tubulin in control and colchicine treated Ocy454 cells. Scale
bar, 10 um. Graphs depict mean + sem. * indicates p<0.001 versus control; # indicates p<0.0001 versus
control by student’s unpaired two tailed t-test or one-way ANOVA with Dunnet’s post hoc test. ns indicates
not statistically significant.
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decreased mechano-responsiveness) in the responsive cells (Figure 13C,D). Likewise,
MT network disruption with colchicine eliminated the FSS-induced decrease in sclerostin
protein (Figure 13E). Immunofluorescent labeling validated the disruption of MTs
following colchicine treatment (Figure 13F). These data are the first to demonstrate the
MT network is required for mechanotransduction-elicited Ca?* influx and sclerostin

downregulation in osteocytes.

Microtubule stabilization alters the set point for FSS-induced Ca®* influx.
Having identified the MT network as essential for osteocyte mechano-

responsiveness, we sought to determine the broad impact of the MT network on
regulating osteocyte mechanotransduction. Taxol is a drug that binds to and stabilizes the
MT filament against depolymerization, thereby increasing MT network density. Real
time Ca?" imaging of Ocy454 cells treated with Taxol (1uM, 2 h) showed a significant
decrease in the percentage of cells responding to 4 dynes/cm? FSS, as well as a decrease
in the magnitude (peak AF/F) of their response (Figure 14A). However, unlike the effect
of colchicine-mediated MT depolymerization, the Taxol-induced suppression of both
mechano-responsiveness and mechano-sensitivity was restored at 16 dynes/cm? FSS
(Figure 14B). Consistent with the impact of increased MT density on Ca?* signaling,
Taxol treated Ocy454 cells subjected to 4 dynes/cm? FSS had a blunted FSS-induced
downregulation of sclerostin protein, which was overcome at 16 dynes/cm? of FSS
(Figure 14C). Immunofluorescent labeling of the MT network validated the increase in

MT density following Taxol treatment (Figure 14D). These results imply that the density
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Figurel4. Taxol treatment blunts the FSS-induced Ca?* response and sclerostin downregulation but
is overcome by increased FSS.

(A) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with Taxol and subjected to 4
dynes/cm? FSS. The calcium trace (left) indicates the average Fluo-4 fluorescence changes over time, %
Cells Responding (middle) indicates number of cells which elicit more than 25% increase fluorescence, and
Peak (AF/F) indicates peak magnitude of Ca?* response in those cells that responded (right). Ca?* traces are
aggregated data from >200 cells imaged in n=3 independent experiments. (B) FSS-induced Ca?* response
of Fluo-4 loaded Ocy454 cells treated with Taxol and subjected to 16 dynes/cm? FSS. All Ca®* traces are
aggregated data from >200 cells imaged in n=3 independent experiments across all conditions. (C) Control
or Taxol treated Ocy454 cells were subjected to FSS as indicated followed by immunoblotting for
sclerostin. GAPDH served as a loading control. Sclerostin to GAPDH ratio is indicated (n=3 independent
experiments). (D) Immunostaining for a-tubulin in control and Taxol treated Ocy454 cells. Scale bar, 10
pm. Graphs depict mean + sem. } indicates p<0.05 versus control; * indicates p<0.001 versus control; #
indicates p<0.0001 versus control by student’s unpaired two tailed t-test or one-way ANOVA with
Dunnet’s post hoc test. ns indicates not statistically significant.
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and/or stability of the MT network impacts the threshold for FSS-induced activation of

Ca?* influx and sclerostin downregulation.

The abundance of Glu-tubulin in the MT network requlates the mechano-sensitivity of
Ocy454 cells to FSS.
Taxol induced MT stabilization is associated with an increase in the fraction of Glu-

modified tubulin in the MT filament. Glu-tubulin arises from detyrosination, the
enzymatic cleavage of an COOH-terminal tyrosine residue of a-tubulin by tubulin
tyrosine carboxypeptidase (TTCP; identity unknown) leaving a glutamate ©°. This
reaction can be reversed by the ligation of tyrosine back to the glutamate by a tubulin
tyrosine ligase (TTL). Given recent work implicating Glu-tubulin as a regulator of MT-
dependent mechanotransduction in cardiac and skeletal muscle 49, we examined its
impact on osteocyte mechanotransduction.

To profile the presence of Glu-tubulin in the osteocyte MT network, Ocy454 cells
and murine femurs were examined by western blotting and immunofluorescence. Glu-
tubulin was observed in the osteocyte cell process and primary cilia in Ocy454 cells
(Figure 15A) and in the cell processes of osteocytes in formaldehyde fixed paraffin
embedded sections of murine cortical bone (Figure 15B). As observed in other tissues,
Taxol treatment of Ocy454 cells in vitro or murine cortical bone ex vivo markedly
increased the level of Glu-tubulin (Figure 15C,D).

The abundance of Glu-tubulin within the MT network can be effectively reduced
by parthenolide (PTL), a sesquiterpene lactone that inhibits the activity of the TTCP
enzyme responsible for detyrosination G'9. In striated muscle, the PTL-induced reduction

of Glu-tubulin inhibited mechano-signaling 4V, suggesting that the abundance of Glu-
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Figure 15. Glu-tubulin is expressed within mechanically sensitive areas of osteocytes and increased
by treatment with Taxol.

(A) Ocy454 cells were fixed and immunostained for a-tubulin (red) and Glu-tubulin (green). DAPI stained
nuclei are shown in blue. Osteocyte cell process and primary cilia are indicated by the red arrow and red
arrowhead, respectively. Scale bar, 20 um. (B) Murine long bone sections were immunostained for Glu-
tubulin. Osteocyte cell processes are indicated by red arrows. Scale bar, 50 pum. (C) Ocy454 cells and ex
vivo murine long bone were treated with Taxol followed by immunoblotting for indicated proteins.
GAPDH served as a loading control. Glu-tubulin to a-tubulin ratios are indicated (n=3 independent
experiments). The image is from a single exposure of a contiguous membrane. The vertical dotted line
indicates the removal of irrelevant lanes. Statistical significance was determined using a student’s unpaired
two tailed t-test. # indicates p <.0001. (D) Immunostaining for a-tubulin (red) and Glu-tubulin (green) in
control and Taxol treated Ocy454 cells. DAPI stained nuclei are shown in blue. Scale bar, 10um.
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tubulin was the dominant regulator of mechano-activation. Real time Ca2* imaging of
Ocy454 cells treated with PTL (25 uM, 2 h) and exposed to FSS showed a significant
reduction in mechano-sensitivity (% cells responding) and mechano-responsiveness
(magnitude of the cellular response, peak AF/F) at both 4 and 16 dynes/cm? of FSS
(Figure 16A,B). Additionally, PTL treatment blunted the FSS-induced downregulation of
sclerostin at both 4 and 16 dynes/cm? of FSS (Figure 16C). Importantly, these effects of
PTL on mechano-responsiveness occurred with a reduction in Glu-tubulin, yet no
apparent alteration in the overall structure of the MT network (Figure 16D). These data
suggest that the level Glu-tubulin plays a key role in modulating osteocyte
mechanotransduction.

Given that Taxol increases both the density of the MT network and its level of
Glu-tubulin, we sought to determine their respective contributions. To this end, we
simultaneously treated cells with PTL and Taxol to promote an increase in MT density
while eliminating the concomitant increase in Glu-tubulin. Compared to cells treated with
Taxol or PTL individually, their combination restored mechano-responsiveness, as both
the FSS-induced Ca?* response and sclerostin downregulation at 4 dynes/cm? were
rescued (Figure 17A,B,C). Immunofluorescence microscopy of treated Ocy454 cells
confirmed that the combination of Taxol and PTL resulted in the expected Taxol-driven
increase in MT density, with PTL preventing the concomitant enhancement of Glu-
tubulin (Figure 17D). In total, these data strongly support that Glu-tubulin, rather than

MT density, is the dominant regulator of the osteocyte response to FSS.
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Figure 16. Loss of detyrosinated, Glu-tubulin abrogates the FSS-induced Ca?* response and
sclerostin downregulation.

(A) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with parthenolide (PTL) and
subjected to 4 dynes/cm? FSS. The calcium trace (left) indicates the average Fluo-4 fluorescence changes
over time, % Cells Responding (middle) indicates number of cells which elicit more than 25% increase
fluorescence, and Peak (AF/F) indicates peak magnitude of Ca®* response in those cells that responded
(right). Ca?* traces are aggregated data from >200 cell imaged in n=3 independent experiments. (B) FSS-
induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with PTL and subjected to 16 dynes/cm? FSS.
Ca?* traces are aggregated data from >200 cell imaged in n=3 independent experiments across all
conditions. (C) Control or PTL treated Ocy454 cells were subjected to FSS as indicated followed by
immunoblotting for indicated proteins. GAPDH served as a loading control. Sclerostin to GAPDH ratio is
indicated (n=3 independent experiments). (D) Control Ocy454 cells or Ocy454 cells treated with PTL were
fixed and immunostained for a-tubulin (red) and Glu-tubulin (green). DAPI stained nuclei are shown in
blue. Scale bar, 10pm. Graphs depict mean + sem. * indicates p<0.001 versus control; # indicates p<0.0001
versus control by student’s unpaired two tailed t-test or one-way ANOV A with Dunnet’s post hoc. ns
indicates not statistically significant.
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Figure 17. Combination treatment with parthenolide and Taxol restores the FSS-induced Ca?*
response and downregulation of sclerostin protein.

(A) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with combination of parthenolide
(PTL) and Taxol and subjected to 4 dynes/cm? FSS. The calcium trace (left) indicates the average Fluo-4
fluorescence changes over time, % Cells Responding (middle) indicates number of cells which elicit more
than 25% increase fluorescence, and Peak (AF/F) indicates peak magnitude of Ca?* response in those cells
that responded (right). Ca?* traces are aggregated data from >200 cells imaged in n=3 independent
experiments. (B) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with combination of
PTL and Taxol, and subjected to 16 dynes/cm? FSS. Ca®* traces are aggregated data from >200 cells
imaged in n=3 independent experiments. (C) Control Ocy454 cells or Ocy454cells treated with
combination of PTL and Taxol were subjected to FSS as indicated followed by immunoblotting for
sclerostin. GAPDH served as a loading control. Sclerostin to GAPDH ratio is indicated (n=3 independent
experiments). (D) Control Ocy454 cells or Ocy454 cells treated with a combination of Taxol and PTL were
fixed and immunostained for a-tubulin (red) and Glu-tubulin (green). DAPI stained nuclei are shown in
blue. Scale bar, 10um. Graphs depict mean + sem. * indicates p<0.001 versus control, # indicates p<0.0001
by student’s unpaired two tailed t-test or one-way ANOV A with Dunnet’s post hoc test. ns indicates not
statistically significant.
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The abundance of Glu-tubulin regulates cytoskeletal stiffness in Ocy454 cells.
Glu-tubulin promotes MT interactions with other cytoskeletal elements (e.qg.,

actin, intermediate filaments, and MAPS), which increases the stiffness of the
cytoskeleton (41:174:300.301) " Accordingly, we interrogated cytoskeletal stiffness in Ocy454
cells. Nanoindentation atomic force microscopy (AFM) revealed that Taxol treatment
significantly increased the elastic modulus, reflecting an increase cytoskeletal stiffness
(Figure 18A). Western blotting confirmed a marked increase in the Glu-tubulin in the
Taxol treated cells (Figure 18B). In contrast, PTL treated cells showed a significant
decrease in cytoskeletal stiffness and nearly undetectable levels of Glu-tubulin (Figure
18). Interestingly, the combination treatment with PTL and Taxol, which increases MT
density while maintaining a modest level of Glu-tubulin, resulted in a significant increase
in the elastic modulus (increased cytoskeletal stiffness) over PTL treatment alone,
returning it to near control levels (Figure 18 A) When examined in the context of FSS-
stimulated Ca?* influx and sclerostin downregulation, these AFM data support a model in
which cytoskeletal stiffness, which is affected by the abundance of Glu-tubulin, defines

both the mechano-sensitivity and responsiveness of osteocytes to FSS.

Discussion
Here, we report a novel mechanotransduction pathway in osteocytes that links

FSS to the activation of Ca?* influx that drives the mechanically-induced downregulation
of sclerostin. Central to our discovery is that the MT network, whose level of Glu-tubulin
defines the cytoskeletal stiffness, determines the mechano-sensitivity of osteocytes to
FSS.

Our data show that MTs are, at minimum, required for mechano-signaling,

consistent with reports on other mechano-signaling events in bone 40305307 ‘Wwe puild
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Figure 18. Alterations in the MT network modify cytoskeletal stiffness of Ocy454 cells.

(A) Ocy454 cells treated with Taxol, parthenolide (PTL), and a combination of PTL and Taxol were
subjected to atomic force microscopy nano-indentation. Statistical significance was determined using one-
way ANOVA with Holm-Sidak’s multiple comparison test. Box edges denote 25™ and 75™ percentiles,
whiskers denote 10" and 90" percentiles, and white line indicates mean. Data shown are aggregate of 3
independent experiments with number of cells/group indicated. (B) Protein extracts from control Ocy454
cells or Ocy454 cells treated with PTL, Taxol or combination of PTL and Taxol were probed for Glu-
tubulin and a-tubulin. The Glu-tubulin to a-tubulin ratio is graphed below, indicating the mean + sem.
Statistical significance was determined using one-way ANOVA with Holm-Sidak’s multiple comparison
test. * denotes statistical significance between all groups. Exact p values for each comparison are shown in
Table 2.

Figure 18A Figure 18B
Comparison P value Comparison P value

control vs. taxol | P=0.0019 control vs. taxol | P=0.0466
control vs. PL P<0.0001 control vs. PTL P=0.0014
control vs. PTL/taxdl P=0.0026 control vs. PTL/taxdl P=0.0113
taxol vs. PTL P<0.0001 taxol vs. PTL P=0.0004
taxol vs. PTL/taxol| P<0.0001 taxol vs. PTL/taxol| P=0.0017
PTL vs. PTL/taxol | P=0.0189 PTL vs. PTL/taxol | P=0.0320

Table 2: Exact p-values from Figure 18
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upon this fundamental concept by demonstrating that the MT network, and specifically
its level of Glu-tubulin, are critical regulators of cytoskeletal stiffness, which tunes the
mechano-responsive range at which osteocytes are activated by FSS. We reveal that a
targeted reduction in Glu-tubulin levels (e.g., PTL treated) decreases MT-dependent
cytoskeletal stiffness, impairing the osteocytes ability to sense and transduce mechanical
cues . In contrast, driving up the abundance of Glu-tubulin increases cytoskeletal
stiffness, which increases the level of FSS needed to activate the mechanotransduction
pathway. Thus, the cytoskeleton becomes a dynamic integrator of mechanical cues,
affecting the mechanical set point at which an osteocyte can respond to a given
mechanical load. Our discovery that MTs are central to this mechanotransduction
pathway may unify several models of osteocyte mechano-sensing. The primary cilia
hypothesis ('*732%) the integrin-based mechanosome 2% and perhaps even Cx43
hemichannels opening in response to mechanical activation of integrins ?* are all based
on structures linked to the MT network.

Our data, not only align with the reports that implicate MTs in
mechanotransduction, they also interdigitate well with the observations that the MT
network of osteocytes remodels and reorients itself in response to FSS (72307:308) |t js
reasonable to speculate that the FSS-dependent remodeling of MTs is itself a mechano-
adaptation event that adjusts the homeostatic set point for mechanotransduction. As
mentioned above, our data also create a unifying basis for how various known mechano-
sensitive elements, (e.g., primary cilia, cell processes, integrin-mediated mechanosomes,

and connexin43 hemichannels) may integrate mechanical signals into biological
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responses via the cytoskeleton. Further, our data are the first to mechanistically link the
mechano-activated Ca?* influx to sclerostin downregulation.

In summary, we have defined the MT-dependent mechanotransduction pathway
linking FSS Ca?* influx signals that downregulate sclerostin protein in osteocytes. Given
the fundamental nature of osteocyte mechano-responsiveness to bone turnover
throughout the life span, these new mechanistic insights may provide a new perspective
for understanding diseases and conditions that manifest through altered skeletal structure
and properties. Furthermore, given the impact of the MT network on the fundamental
regulation of Ca?* signaling and sclerostin production in osteocytes, we propose the MT
network as a novel target for manipulating the osteocyte response to mechanical cues for

therapeutic interventions in bone.
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Chapter 5: TRPV4 as a major contributor to osteocyte fluid shear stress
induced calcium influx

Introduction
It is widely accepted in the field that the very first response mediated by mechanical

stimuli is the increase in intracellular calcium®®. It has been shown that voltage operated
potassium channels are expressed in osteocytes and it has been suggested that alterations
in potassium currents could be involved in the earliest initiation of the mechanical
response in osteocytes®l). However, there is relatively high expression of T-type calcium
channels in osteocytes. Thus, early reports suggested a role for T-type calcium channels
including CaV3.1 and CaV3.2. It has been postulated that these T-type calcium channels
may be responsible for the unique kinetics of the calcium signaling in osteocytes®!D,
However more recently it has become clear that while T-type channels may in fact be
involved, they only contribute to a portion of the response.

Immediately following the rapid change in calcium concentration, NO, adenosine
triphosphate (ATP), and prostaglandin are released by the osteocyte®”). There is evidence
that suggests this ATP release occurs through connexin 43 hemichannels 9. This release
of ATP has been shown to efficiently activate the purinergic nucleotide receptor (P2X7),
an ATP-gated ion channel, in osteocytes®?. It has recently been suggested that this is the
main mechanism of osteocyte calcium influx in response to fluid flow shear stress.
However, deletion of P2X7 in mice only resulted in about a 70% reduction in the
anabolic response to mechanical loading, suggesting that while a major contributor to the
osteocyte mechanically induced calcium influx, it is not the only contributor®2$9, Many

groups have explored the role of stretch activated calcium channels as a potential source
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of calcium influx in response to mechanical stimuli in osteocytes as well. One group has
made a case for transient receptor potential vanilloid 4 (TRPV4) as a major contributor to
calcium influx("®. However, it was shown to only play a role in the primary cilia and
other studies have suggested that the primary cilium is not involved in the initial calcium
increase observed in osteocytes(),

Here we provide evidence for a more important role for TRPV4 as previously thought.
We show that not only is TRPV4 a major contributor to FSS induced Ca?" influx in
osteocytes, but that the generation of ROS is upstream of this Ca?* response. Further, we
show that FSS in osteocytes activates the mechano-sensitive ROS generating enzyme

NADPH Oxidase 2 (Nox2).

Results

Ocy454 FSS-induced calcium influx is mediated by TRPVA4.
While pathways for Ca?* entry have been described in osteocytes 294311 we

interrogated the calcium channel(s) responsible for the MT-dependent, FSS-induced
Ca?" influx that drive sclerostin downregulation. By gRT-PCR, we determined the
expression profile of various Ca?* channels implicated in osteocyte Ca?* signaling.
Among the most abundantly expressed channels in Ocy454 cells was TRPV4 (Figure 19);
an attractive candidate given recent evidence that this channel may be directly modulated
by MT-dependent mechanotransduction in other cell types ©12-314)_ Consistent with the
abundance of TRPV4 transcript, immunofluorescence staining of Ocy454 cells and
paraffin embedded murine cortical bone sections showed the presence of TRPV4 in
osteocytes and western blot analysis of Ocy454 cells and murine long bone extracts

confirmed the presence of TRPV4 protein (Figure 20A,B).
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Figure 19. TRPV4 is an abundantly expressed Ca?* channel in Ocy454 cells.
Ca?* channel expression was analyzed in Ocy454 cells by gRT-PCR.
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Figure 20. TRPV4 is a major contributor to osteocyte FSS-induced Ca?* response and is necessary
and sufficient for the FSS-induced downregulation of sclerostin.

(A) Ocy454 cells (left) and sections of murine long bones (right) were immunostained with TRPV4,
showing positive labeling of osteocytes. Scale bar, 100um. (B) Immunoblotting was performed on Ocy454
whole cell lysates and murine long bone extracts for TRPV4. GAPDH served as a loading control. (C)
FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells in the presence or absence (control) of TRPV4
antagonist (GSK-2193874) and subjected to 4 dynes/cm? FSS. The calcium trace (left) indicates the
average Fluo-4 fluorescence changes over time, % Cells Responding (middle) indicates number of cells
which elicit more than 25% increase fluorescence, and Peak (AF/F) indicates peak magnitude of Ca?*
response in those cells that responded (right). Ca?* are aggregated data from >200 cells imaged in n=3
independent experiments. (D) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells transfected with
control or TRPV4 siRNA and subjected to 4 dynes/cm? FSS. Ca?* are aggregated data from >200 cells
imaged in n=3 independent experiments. (E) Ocy454 cells treated with or without (control) TRPV4
antagonist (GSK-2193874) were subjected to 4 dynes/cm? FSS followed by immunoblotting for sclerostin.
GAPDH served as a loading control. Sclerostin to GAPDH ratio is indicated (n=3 independent
experiments). (F) Ocy454 cells transfected with control or TRPV4 siRNA were subjected to 4 dynes/cm?
FSS followed by immunoblotting for sclerostin and TRPV4. GAPDH served as a loading control.
Sclerostin to GAPDH and TRPV4 to GAPDH ratios are indicated (n=3 independent experiments). The
image is from a single exposure of a contiguous membrane. The vertical dotted line indicates the removal
of irrelevant lanes. (G) Ocy454 cells were treated with or without (control) TRPV4 agonist (GSK-
1016790A) followed by immunoblotting for sclerostin. GAPDH served as a loading control. Sclerostin to
GAPDH ratio is indicated (n=3 independent experiments). Graphs depict mean + sem. * indicates p<0.001
versus control; # indicates p<0.0001 versus control by student’s unpaired two tailed t-test or one-way
ANOVA with Dunnet’s post hoc test. ns indicates not statistically significant.
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To determine the impact of TRPV4 on FSS-triggered mechanotransduction,
Ocy454 cells were treated with GSK2193874, a TRPV4 antagonist. Our data revealed a
significant decrease in mechano-sensitivity (i.e., % cells responding) and mechano-
responsiveness (i.e., peak Ca?* response) in GSK2193874 (10uM, 15min) treated Ocy454
cells (Figure 20C). Additionally, transfection of Ocy454 cells with TRPV4 targeting
SiRNA (Figure 20D) yielded quantitatively similar results to the pharmacological
antagonist, supporting the conclusion that TRPV4 was a major contributor to Ca?* influx
pathway acutely activated by FSS.

Consistent with TRPV4 as the source of FSS induced Ca?* influx, Ocy454 cells
treated with the TRPV4 antagonist or transfected with siRNA specific to TRPV4 showed
a blunted FSS-induced downregulation of sclerostin (Figure 20E,F). Conversely, treating
Ocy454 cells with a TRPV4 agonist, GSK-1016790A (10uM, 15min), recapitulated the
sclerostin protein reduction, independent of FSS (Figure 20G), demonstrating that

TRPV4 activation was sufficient to regulate sclerostin.

TRPV4 opens in response to FSS-induced ROS.
Reports have implicated either direct mechano-activation ©¢'2 or ROS-dependent

oxidation ©5316) ags mechanisms for TRPV4 activation. To assess the impact of ROS-
mediated activation, Ocy454 cells were simultaneously loaded with Fluo-4 Ca?* indicator
and CellROX ROS indicator, and treated with H20- to induce ROS (Figure 21A).
Further, Ocy454 cells loaded with these indicators were pre-treated with the TRPV4
Antagonist, and then treated with H2O. Interestingly, while we observed a rapid increase

in CellROX fluorescence, which was not affected by the TRPV4 Antagonist, we see a
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Figure 21. TRV4 is activated by the production of ROS.
(A) ROS and ca”’ response in control Ocy454 cells and Ocy454 cells treated with H,O, alone or pretreated
with TRPV4 Antagonist before H,O, treatment, and loaded simultaneously with CellROX ROS indicator

and Fluo-4 Ca’ " indicator. Traces (left) indicate CellROX and Flou-4 fluorescence changes over time.
Dotted line indicates H,O, treatment. CellROX Rate (dR/dt) indicates the rate of change in CellROX

fluorescence (middle), and the Fluo-4 Peak (AF/F) indicates peak magnitude of Ca response in those cells
that responded (right). All traces are aggregated data from >50 cells imaged in n=2 independent
experimetns. (B) ROS response in Ocy454 cells treated with or without (control) TRPV4 agonist. Traces
(left) indicate CellROX fluorescence changes over time, CellROX Rate (dR/dt) indicates the rate of change
in CellROX fluorescence (right). Graphs depict mean + sem. # indicates p<0.0001 versus control by
student’s unpaired two tailed t-test or one-way ANOV A with Dunnet’s post hoc test. ns indicates not
statistically significant.
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significantly blunted Fluo-4 Ca?* response in the TRPV4 Antagonist pre-treated cells
(Figure 21A). Importantly, activation of TRPV4 with the TRPV4 Agonist, does not affect
ROS production (Figure 21B).

To assess the effects of ROS on the FSS induced response of osteocytes, Ocy454
cells were treated with the ROS scavenger N-acetylcysteine (NAC; 10mM 20 min). Real-
time, live cell Ca?* imaging showed that NAC treatment abrogated the FSS-induced
response at both 4 and 16 dynes/cm? (Figure 22A,B). Likewise, we observed a blunting
of the FSS-induced decrease in sclerostin protein in NAC treated cells (Figure 22C).
Evidence that a hydrogen peroxide (100uM, 30min) challenge to Ocy454 cells reduced
sclerostin protein independent of FSS (Figure 22D) supports ROS as the signal

downstream of mechano-activation.

FSS-induced ROS signaling is mediated by the mechano-sensitive ROS generating

enzyme Nox2.
Nox2 is a mechano-sensitive ROS generating enzyme implicated in MT-dependent ROS

signaling (41:157.248:317) ‘\\jestern blot confirmed the expression of Nox2 in Ocy454 cells
(Figure 23A). To evaluate the impact of Nox2 on the FSS-induced mechanical response,
Ocy454 cells were treated with the Nox2 inhibitor, GP91ds-TAT (10uM, 30min).
GP91ds-TAT significantly reduced the FSS-induced ROS production in Ocy454 cells.
Interestingly, to further support Glu-tubulin dependent regulation of the osteocyte
resposne to FSS, PTL also significantly blunted the FSS-induced ROS production in
Ocy454 cells subjected to 4 dynes/cm? (Figure 23B). When GP91ds-TAT treated Ocy454
cells were subjected to FSS, the mechano-sensitivity (% cells responding), mechano-

responsiveness (peak Ca?* response), and sclerostin downregulation were attenuated
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Figure 22. Blocking ROS inhibits the FSS-induced Ca?* influx and sclerostin down regulation and
ROS is sufficient to drive sclerostin downregulation independent of FSS.

(A) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with a-N-acetyl cysteine (NAC) and
subjected to 4 dynes/cm? FSS. The calcium trace (left) indicates the average Fluo-4 fluorescence changes
over time, % Cells Responding (middle) indicates number of cells which elicit more than 25% increase
fluorescence, and Peak (AF/F) indicates peak magnitude of Ca®* response in those cells that responded
(right). All Ca?* traces are aggregated data from >200 cells imaged in n=3 independent experiments across
all conditions. (B) FSS-induced Ca?* response of Fluo-4 loaded Ocy454 cells treated with a-N-acetyl
cysteine (NAC) and subjected to 16 dynes/cm? FSS. The calcium trace (left) indicates the average Fluo-4
fluorescence changes over time, % Cells Responding (middle) indicates number of cells which elicit more
than 25% increase fluorescence, and Peak (AF/F) indicates peak magnitude of Ca?* response in those cells
that responded (right). All Ca?* traces are aggregated data from >200 cells imaged in n=3 independent
experiments across all conditions. (C) Ocy454 cells treated with or without (control) NAC were subjected
to FSS as indicated followed by immunoblotting for sclerostin. GAPDH served as a loading control.
Sclerostin to GAPDH ratio is indicated (n=3 independent experiments). (D) Ocy454 cells were treated with
H,0, followed by immunoblotting for sclerostin. GAPDH served as a loading control. Sclerostin to
GAPDH ratio is indicated (n=3 independent experiments).
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(Figure 23C,D,E). Unlike stiffening the MT network with Taxol, which can be overcome
with increased FSS, the Nox2 inhibition persisted at higher flow rates, confirming Nox2
as a convergence point in this mechanotransduction cascade. These data implicate Nox2

as the source of ROS that activates TRPV4-dependent Ca®* influx during FSS.

Discussion
We found that TPV4 is a major pathway for the initial and rapid FSS-induced

Ca?* influx that drives sclerostin downregulation in osteocytes. Unlike modifications of
the MT network which fully abrogated mechanosensitivity (i.e., Ca?* influx and
sclerostin downregulation), we still observed residual FSS-induced Ca?* influx with
pharmacologic or molecular inhibition of TRPV4. While several other Ca?* influx
pathways have been identified in osteocytes, our results suggest that these pathways are
likely activated in response to sustained FSS or via its induction of ligands that further
promote Ca?" influx, perhaps downstream of the initial Ca?" influx through TRPV4.
Indeed, numerous studies have demonstrated oscillating Ca?* waves driven by ATP
release and purinergic receptor activation in mechano-activated osteocytes ©489318) g5
well as Ca?* influx through T-type voltage gated calcium channels €831,

The involvement of TRPV4 in osteocyte mechano-sensing is wholly consistent
with the demonstration of TRPV4 as a mediator of mechanically-induced Ca?* influx in
the primary cilia of bone cells ™. Likewise, TRPV4 plays an important role in
chondrocyte mechanotransduction, as blocking TRPV4 prevents an anabolic response to
load, while activating the receptor mimics load ©*9). In contrast to our prediction, global
TRPV4 knockout mice have increased bone mass; however, the interpretation is

complicated by a severe osteoclast defect that contributes to the skeletal phenotype ¢29),
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Figure 23. Nox2-dependent ROS is required for the FSS-induced Ca2+ response and downregulation
of sclerostin

(A) Immunoblotting was performed on Ocy454 whole cell lysates for NOX2. a-tubulin served as a loading
control. (B) FSS-induced ROS response in Ocy454 cells treated with or without (control) PTL or GP91ds-

TAT and subjected to 4 dynes/cm2 FSS. Traces (left) indicate CellROX fluorescence changes over time,
CellROX Rate (dR/dt) indicates the rate of change in CellROX fluorescence (right). (C) FSS-induced Ca2+
response of Fluo4-loaded Ocy454 cells treated with GP91ds-TAT and subjected to 4 dynes/cm2 FSS. The
calcium trace (left) indicates the average Fluo-4 fluorescence changes over time, % Cells Responding
(middle) indicates number of cells which elicit more than 25% increase fluorescence, and Peak (AF/F)

indicates peak magnitude of ca”’ response in those cells that responded (right). All Ca” traces are
aggregated data from >200 cells imaged in n=3 independent experiments across all conditions. (D) FSS-

induced Ca’ " response of Fluo4-loaded Ocy454 cells treated with GP91ds-TAT and subjected to 16

dynes/cm2 FSS. The calcium trace (left) indicates the average Fluo-4 fluorescence changes over time, %
Cells Responding (middle) indicates number of cells which elicit more than 25% increase fluorescence, and

Peak (AF/F) indicates peak magnitude of Ca2+ response in those cells that responded (right). All ca” traces
are aggregated data from >200 cells imaged in n=3 independent experiments across all conditions. (E)
Ocy454 cells treated with or without (control) GP91ds-TAT were subjected to FSS as indicated followed
by immunoblotting for sclerostin. GAPDH served as a loading control. Sclerostin to GAPDH ratio is
indicated (n=3 independent experiments). Graphs depict mean + sem. * indicates p<0.001 versus control; #
indicates P<0.0001 versus control by student’s unpaired two tailed t-test or one-way ANOVA with
Dunnet’s post hoc test. ns indicates not statistically significant.

102



Despite higher trabecular and cortical bone mass, male TRPV4 knockout mice
have reduced bone matrix mineralization, increased cortical porosity, a lower ultimate
stress and reduced elastic modulus ©2Y. While these reports do not preclude a role of
TRPV4 in osteocyte mechano-responsiveness, they also do not definitively support our
hypothesis. Regardless, TRPV4 plays a role in the skeleton as numerous gain of function
TRPV4 mutations cause skeletal dysplasias with a breadth of severity 22, Intriguingly, a
SNP in the human TRPV4 locus was associated with a 30% increase risk of non-vertebral
fractures in males in the Rotterdam study and was confirmed in subsequent meta-analysis
(321).

Consistent with reports in striated muscle 141:157.248) ' our data show an important
role for mechano-activated, Nox2-dependent ROS in the osteocyte response to FSS. To
our knowledge, this is the first implication of Nox2 in osteocyte mechano-
responsiveness. Interestingly, p47°"** global knockout mice, a subunit of the Nox2
enzyme, have decreased bone mass and strength in aged adult mice, due to deficits in
osteoblast differentiation, osteoblast number, and accelerated cell senescence ©23),
Interestingly, this phenotype is not observed in 6-week-old mice, which have increased
bone mass. Whether or not changes in mechano-sensing or sclerostin bioavailability
contribute to the worsening skeletal phenotype have not been assessed nor have these
mice been studied in the context of mechanical loading.

In summary, we have defined a major contributor to the FSS induced Ca?* influx
observed in osteocytes. These findings call into question to long standing notion that the
first response to FSS is Ca?* influx. Our data suggests that the first response in actually

Nox2 derived ROS which leads to this Ca?* influx. Further, it is important to note that
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TRPV4 dependent Ca?* influx signals drive the downregulation of sclerostin protein in
osteocytes. Given the importance of osteocyte FSS induced Ca®* influx and sclerostin
bioavailability, these new mechanistic details of the osteocyte mechano-response and
sclerostin regulation may further provide a better understanding of skeletal diseases and
conditions which are characterized by altered bone structure and properties. Thus, we
propose this TRPV4 and Nox2 dependent mechanotransduction pathway as a novel target
for manipulating the osteocyte response to mechanical cues for therapeutic interventions

in bone.
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Chapter 6: Fluid shear stress induces calcium/calmodulin-dependent
kinase Il signaling resulting in sclerostin degradation

Introduction
Sclerostin is widely accepted as one of the most important regulators of bone

formation®. It has even been targeted for potential therapeutic use to combat diseases
of skeletal fragility®'®. However, our knowledge of sclerostin and its role in the skeletal
response to mechanical load is still lacking.

Gene regulation of SOST, the gene that encodes sclerostin, has been widely studied. Two
essential transcription factors for osteoblast differentiation, RUNX2 and osterix (OSX)
bind to the SOST proximal promoter and contribute to SOST expression®?213_ There is
evidence that both of these factors play a role in activation of SOST expression. Also, a
distal enhancer region with an ECRS5 site in the SOST gene plays a vital role in regulating
SOST gene expression®??, Deletion of just the ECR5 enhancer is sufficient to drive
significant decreases in SOST gene expression independent of changes in the proximal
promoter. The ECR5 enhancer contains a myocyte enhancer factor-2 (MEF2) response
element. This response element is responsible for binding to the MEF2 family of
transcription factors. Deletion of just the MEF2 response element is sufficient to drive
reductions in SOST gene expression similar to what is observed when the entire ECR5
region is deleted®®®. TGFp-1, -2, and -3, and ActivinA increase SOST expression in an
ECR5-dependent manner®3Y, Further, PTH suppresses SOST expression through the
ECRS5 enhancer. PTH binding to its receptor activates CAMP/PKA signaling which

results in a decrease is SOST expression®3®),
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Finally, mechanical loading is a major regulator of sclerostin. It has been shown
in several models that mechanical loading reduces SOST/sclerostin both in vitro and in
vivo(110:115.138,289290) ‘Howwever, the exact mechanisms by which mechanical loading
regulates SOST expression has not been fully detailed. It is likely that there is a
combination of any number of the above mentioned signaling pathways that are activated
by mechanical loading in osteocytes. For example, the IGF-1 and cAMP/PKA pathways
have both been implicated to be involved®"%*), Further, detailed mechanisms of
sclerostin protein regulation in response to mechanical loading are completely unknown.

Here, we define a novel regulatory pathway for sclerostin protein in response to
FSS. We observed rapid activation of calcium/calmodulin dependent kinase Il (CamKII)
in response to FSS. Further, this CamKII signaling lead to rapid degradation of sclerostin

protein by the lysosome.

Results

CamKiIl is rapidly activated in response to FSS in Ocy454 cells.
While it has been well documented that sclerostin is down regulated in response to

mechanical stimuli in osteocytes, a mechanistic link between FSS induced Ca?* influx
and sclerostin protein regulation has yet to be established®*. We observe a rapid
increase in phosphorylated CamKI|I in response to FSS in Ocy454 cells (Figure 24A).
Further, when Ocy454 cells were loaded with BAPTA AM-ester and subjected to 4
dynes/cm? FSS using a Ca?* free fluid flow buffer, this increase in phosphorylated
CamKIl is attenuated (Figure 24A). Interestingly, we observed activation of CamKI|I
independent of FSS when Ocy454 cells were treated with a TRPV4 agonist (GSK-

1016790A - 15 puM, 30 min) (Figure 24B). This indicates that Ca?* influx through
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Figure 24. FSS induces a rapid activation of CamKII, which is required for the downregulation of
sclerostin.

(A) Untreated Ocy454 cells and BAPTA-AM ester loaded Ocy454 cells were subjected to 4 dynes/cm2 FSS

with Ca2+ containing or Ca2+ free flow buffer, respectively. Immunoblotting was performed for indicated
proteins (n=3 independent experiments). GAPDH served as a loading control. Densitometric quantitation of
the p-CamKI| to total-CamKII ratio is shown. (B) Control or TRPV4 Agonist treated Ocy454 cells were
immunoblotted for indicated proteins. GAPDH served as a loading control. P-CamKI| to total-CamKI|
ratio is indicated (n=3 independent experiments). (C) Control Ocy454 cells or Ocy454cells treated with
CamKI|I inhibitor KN-93 were subjected to 4 dynes/cm2 FSS followed by immunoblotting for sclerostin.
GAPDH served as a loading control. Sclerostin to GAPDH ratio is indicated (n=3 independent
experiments). (D) GFP control or CamKII T286A dominate negative transfected Ocy454 cells were
subjected to 4 dynes/cm2 FSS followed by immunoblotting for sclerostin. GAPDH served as a loading
control. Sclerostin to GAPDH ratio is indicated (n=3 independent experiments). Graphs depict mean + sem.
Statistical significance determined using one-way ANOVA with Dunnet’s post hoc test. # indicates p
<.0001 versus control, ns indicates not statistically significant.
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TRPV4 is sufficient to drive activation of CamKII in Ocy454 cells independent of FSS.
While these data do not show a cause and effect relationship between CamKII and
sclerostin, it does reveal a previously unknown signaling pathway involved in the

osteocyte mechanical load response.

CamKIl is required for the FSS induced downregulation in sclerostin protein.
In order to determine if the activation of CamKII was in fact required for the observed

decrease in sclerostin protein, we utilized two approaches of interrupting CamKIl|
signaling. First, we treated Ocy454 cells with KN-93, a selective inhibitor of CamKI|I
activation. In KN-93 treated cells subjected to 4 dynes/cm2 of FSS, we see an attenuation
of the FSS induced downregulation of sclerostin (Figure 24C). Second, we transfected
Ocy454 cells with a dominate negative form of CamKII. In Oc454 cells transfected with
a dominate negative CamKI|I, the FSS induced downregulation of sclerostin is inhibited
(Figure 24D). Interestingly, we noted an enhanced decrease in sclerostin when Ocy454
cells transfected with a constitutively active CamKII were subjected to 4 dynes/cm2 (data
not shown). These data indicate that the FSS induced downregulation of sclerostin

protein is dependent on CamKI|I signaling.

Alterations to the MT network also regulate the FSS-induced activation of CamKIlI.
Since we observed significant regulation of the FSS-induced down regulation of

sclerostin by alerations in the MT network, we decided to explore whether the same is
true for the FSS-induced activation of CamKIIl. When Ocy454 cells are treated with
colchicine and subjected to 4 dynes/cm2, we see a significant blunting in the FSS-

induced activation of CamKII (Figure 25A). Similarly, the FSS-induced activation of
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Figure 25. Alterations in the MT network affect FSS-induced activation of CamKI|I.

(A) Ocy454 cells treated with colchicine were subjected to 4 dynes/cm? FSS followed by immunoblotting
for indicated proteins. GAPDH served as a loading control. P-CamKI| to total-CamKIl| ratio is indicated
(n=3 independent experiments). (B) Control or Taxol treated Ocy454 cells were subjected to FSS as
indicated followed by immunoblotting for indicated proteins. GAPDH served as a loading control. P-
CamKI| to total-CamKI| ratio is indicated (n=3 independent experiments). (C) Control or PTL treated
Ocy454 cells were subjected to FSS as indicated followed by immunoblotting for indicated proteins.
GAPDH served as a loading control. P-CamKII to total-CamKI| ratio is indicated (n=3 independent
experiments). (D) Control Ocy454 cells or Ocy454cells treated with combination of PTL and Taxol were
subjected to FSS as indicated followed by immunoblotting for indicated proteins. GAPDH served as a
loading control. P-CamKI|I to total-CamKI| ratio is indicated (n=3 independent experiments). Graphs depict
mean + sem., # indicates p<0.0001 by one-way ANOV A with Dunnet’s post hoc test. ns indicates not
statistically significant.
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CamKII mimics what is seen with sclerostin downregulation when Ocy454 cells are
treated with taxol. When taxol treated cells are subjected to 4 dynes/cm2 the FSS-induced
activation of CamKI|I is attenuated, however this is overcome by 16 dynes/cm2 (Figure
25B). Further, the same regulation observed by changes in Glu-tubulin are conserved
when examining the FSS-induced activation of CamKII. PTL blocks the activation of

CamKIl, while a combination of PTL and taxol restores the activation (Figure 25C,D).

FSS-induced Ca®* through TRPV4 is required for the FSS-induced activation of CamKI|.
To examine if TRPV4 dependent Ca?* influx was the source of the FSS-induced CamKI|

activation, Ocy454 cells were treated with the TRPV4 antagonist and transfected with
TRPV4 specific SIRNA. As expected, inhibition or knockdown of TRPV4 attenuated the
FSS-induced activation of CamKII (Figure 26A,B). Likewise, if we block the upstream
activator of TRPV4, ROS, using either NAC or GP91ds-TAT, we also attenuate the FSS-
induced activation of CamKII (Figure 27A,B). Interestingly, Ocy454 cells treated with
H202 showed activation of CamKII independent of FSS (Figure 27C). This suggests that

ROS dependent Ca?* influx is sufficient to drive activation of CamKI|.

Sclerostin protein is degraded by the lysosome in response to FSS.
Since the response being observed is very rapid, it was necessary to determine the fate of

the sclerostin protein and to rule out the possibility that the protein was being rapid
secreted. Therefore, we treated Ocy454 cells with Bafilomyocin Al (BafAl), a potent
lysosomal inhibitor. Cells treated with BafA1 and subjected to 4 dynes/cm? the
downregulation of sclerostin was blunted (Figure 28). However, it is important to note

that when these cells are subjected to FSS, we observed normal activation of CamKI|
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Figure 26. TRPV4 dependent Ca?* influx is required and sufficient for CamKI1 activation.

(A) Ocy454 cells treated with the TRPV4 Antagonist were subjected to 4 dynes/cm? FSS followed by
immunoblotting for indicated proteins. GAPDH served as a loading control. P-CamKI|I to total-CamKI|I
ratio is indicated (n=3 independent experiments). (B) Control siRNA or TRPV4 specific siRNA transfected
Ocy454 cells were subjected to 4 dynes/cm? FSS followed by immunoblotting for indicated proteins.
GAPDH served as a loading control. P-CamKII to total-CamKII and TRPV4 to GAPDH ratios are
indicated (n=3 independent experiments).
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Figure 27. ROS is required and sufficient for activation of CamKI|.

(A) Ocy454 cells treated with NAC were subjected to FSS as indicated followed by immunoblotting for
indicated proteins. GAPDH served as a loading control. P-CamKI| to total-CamKI| ratio is indicated (n=3
independent experiments). (B) Control or GP91ds-TAT treated Ocy454 cells were subjected to FSS as
indicated followed by immunoblotting for indicated proteins. GAPDH served as a loading control. P-
CamKI| to total-CamKI| ratio is indicated (n=3 independent experiments). (C) Control or H,O; treated
Ocy454 cells were immunoblotted for indicated proteins. GAPDH served as a loading control. P-CamKI|I
to total-CamKII ratio is indicated (n=3 independent experiments).

111



consistent with a normal response to the stimuli despite the lack of a decrease in
sclerostin levels (Figure 28). These data suggest that in response to FSS, sclerostin

protein is rapidly degraded by the lysosome.

CamKiIlI signaling also regulates osteocytes specific gene expression.
In most cases, the osteocyte response to mechanical stimuli has been studied at the level

of gene expression®?). It has been widely shown that changes in osteocyte gene
expression is an important response to FSS in osteocytes®®®. In order to examine the role
of CamKIlI signaling in osteocyte gene expression regulation, we transfected Ocy454
cells with a constitutively active CamKIlI construct and performed qRT-PCR for
osteocyte specific markers. Interestingly, independent of FSS, activated CamKII was
sufficient to drive a decrease in SOST gene expression (Figure 29). Further, we observed
significant increases in the genes encoding RANKL and OPG, important regulatory
factors for osteoclast activation (Figure 29). Interestingly, we also observed a significant
increase in Cox2, which is responsible for the production of PGE> (Figure 29). Taken
together, this data suggests an important role for CamKII signaling in the osteocyte
response to FSS not only in the regulation of sclerostin protein but throughout the

osteocyte mechanical load response.

Discussion
Here we report a mechanically activated signaling pathway that involves CamKI|I

signaling leading to sclerostin degradation by the lysosome.
Our data show that mechanical stimuli induces a rapid increase in phosphorylated

CamKII in Ocy454 cells. Blocking this activation of CamKII using a pharmacologic
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Figure 28. Sclerostin is rapidly degraded by the lysosome in response to FSS.

Ocy454 cells treated with or without (control) Bafilomyocin Al were subjected to 4 dynes/cm2 FSS
followed by immunoblotting for indicated proteins. GAPDH served as a loading control. Sclerostin to
GAPDH and p-CamKI|I to total-CamKI| ratios are indicated (n=3 independent experiments). Graphs depict
mean + sem. # indicates P<0.0001 versus control by one-way ANOVA with Dunnet’s post hoc test. ns
indicates not statistically significant.
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Figure 29. Activation of CamKI |1 affects osteocyte specific gene expression.

Ocy454 cells transfected with either GFP control or CamKIl T286D constitutively active constructs were
analyzed by qRT-PCR for indicated proteins. Statistical significance was determined using student’s
unpaired two tailed t-test. p values are indicated.
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inhibitor or a dominate negative CamKIlI construct results in an abrogation of the FSS
induced downregulation of sclerostin protein. Further, a constitutively active form of
CamKII seems to enhance the FSS induced downregulation of sclerostin protein. This is
the first report of activation of CamKII signaling in osteocytes in response to FSS.

Due to the nature of sclerostin being a secreted glycoprotein, it was important to show
that the observed response was not simply secretion. Our data indicates that the rapid
decrease in sclerostin levels are indeed not due to secretion, but instead are due to
sclerostin degradation by the lysosome. It has been observed in other systems that
CamKIl signaling can lead to protein degradation, thus lysosomal degradation of
sclerostin was a viable option for the results we obverse®?432®) Indeed, inhibition of
lysosomal degradation using a pharmacologic blocker results in a loss of the FSS induced
down regulation of sclerostin. This result reveals two important concepts. First, this data
shows that the Ocy454 cell line is a viable model to study and better understand
sclerostin protein regulation than previous models**>). This system more accurately
mimics osteocytes in situ and can be an important model as we build a better
understanding of osteocyte biology. Second, this data reveals an important regulatory
factor with regards to sclerostin. It had been previously understood that sclerostin was
glycosylated and secreted, however the mechanisms and regulation of these events had
yet to be elucidated*”). These results provide insight into some of these potential
mechanisms.

Important to note is that CamKII signaling also seems to play a role in osteocyte gene
expression. This suggests that CamKII signaling may play a much wider role in osteocyte

mechanotransduction than shown here. For example, the reduction in SOST gene
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expression when Ocy454 cells are transfected with a constitutively active CamKI|I
construct suggests that the well-established decreases in SOST in response to mechanical
stimuli could be partly controlled by CamKII signaling®®. It is possible that this occurs
through regulation of MEF2C as it has been shown in neurons and muscle that CamKI|I
signaling can regulate the MEF family of transcription factors®2"239), Also, changes in
RANKL and OPG suggest that CamKII signaling not only could regulate factors of bone
growth, but also factors of bone resorption. Therefore, it is possible that CamKI|I
signaling may be a major regulator of the bone remodeling process as a whole. While it is
widely accepted that osteocytes respond to mechanical stimuli by producing a releasing
PGE,, our data shows that CamKI11 signaling may also be involved,

In conclusion, this data reveals several previously unreported mechanisms of the
osteocyte mechanical load response. It is safe to speculate that some of these mechanisms
may also be involved in other aspects of osteocyte biology, including CamKII singling
being involved in the osteocyte response to hormones like PTH and testosterone.
Ultimately, this data reveal potential new targets for modulation of the osteocyte response
to mechanical stimuli and possible new therapeutic interventions for treatment of diseases

of skeletal fragility.
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Chapter 7: Further Discussion and Future Directions

Further Discussion

Summary
Despite years of research into the adaptive nature of the skeleton, the molecular

mechanisms of the osteocyte mechanical load response still remains poorly understood.
Here we have presented compelling data that fills some of the previously unknown
mechanisms of this process. While there have been many hypotheses and reports of
different mechanisms being involved, there was still substantial gaps in our
understanding of the osteocyte response to mechanical stimuli.

We have developed a cheap high-throughput alternative to commercially available
systems for studying cellular mechanotransduction®®. Many labs utilize FSS as a means
to subject their tissue or cells to a mechanical stimuli(©6:83.98,270273,281,282,308:331,332) g
newly developed device for introducing FSS to cells in culture overcome many of the
shortcomings of available models including the ability to achieve truly independent
replicate samples®®®. Of upmost importance, our device eliminates any variability in the
results that may be introduced by using different devices for different outcome measures.
With our device we can image live cells and collect protein, RNA, or DNA for
biochemical and molecular analysis all using one device. Finally, the simplicity of our
device allows for any lab to explore mechanotransduction without the cost of the
necessary equipment being a barrier to entry into this field@),

With this work, we have presented a mechanism of how the osteocyte senses and
responds to FSS®%), The osteocyte MT network alters the overall cytoskeletal stiffness of

the cells through the abundance of the a-tubulin PTM, detyrosination/Glu-tubulin. The
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relative abundance of Glu-tubulin and measured cytoskeletal stiffness directly impact
how the osteocyte responds to FSS. Our data support a model of the osteocyte containing
a “goldilocks zone” of Glu-tubulin levels and cytoskeletal stiffness. In short, high levels
of Glu-tubulin and increased cytoskeletal stiffness resist FSS induced deformation of the
osteocyte cytoskeleton, thus reducing the response, however low levels of Glu-tubulin
and decreased cytoskeletal stiffness cause an inability for the osteocyte to transduce the
force produced by FSS to the appropriate effector molecules®*?). Thus, osteocytes must
maintain an intermediate level of Glu-tubulin and cytoskeletal stiffness. We hypothesize
that this is an active process that can be readily altered to meet changing demands and
precisely regulate the bone remodeling process.

Second, our data have revealed a major contributor to the well-established FSS induced
Ca?* influx observed in osteocytes, TRPV4©®33), TRPV4 was previously shown to play an
important role in the Ca?* influx in the primary cilia of osteocytes, however its overall
role in the osteocyte mechanical load response was still disputed”®. Here we have shown
a definitive role for TRPV4 in the FSS induced Ca?* influx observed in osteocytes®?),
Next, we have mechanistically linked two hallmark readouts of studying osteocyte
mechanotransduction. Our data shows that the FSS induced Ca?* influx is absolutely
required for the downregulation of sclerostin protein®3?). Decreases in sclerostin of SOST
gene expression have traditionally been used to indicate a response to mechanical stimuli
by osteocytes, however the exact mechanisms of this have remained elusive due to the
lack of an appropriate in vitro model for studying sclerostin®*®),

Also, we have revealed a previously unreported signaling cascade that is involved in the

osteocyte response to FSS, CamKII signaling®3®). CamKII signaling is ubiquitous in a
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number of other tissues, however it has not been widely explored in osteocyte
biology®?". Our data shows a rapid increase in phosphorylated CamKII indicating
activation of CamKIlI signaling in response to FSS. Further, we have shown that this
CamKI|I signaling is required for the rapid downregulation of sclerostin observed®@®,
Finally, CamKII signaling also appears to alter osteocyte specific gene expression
changes which could indicate a broad role for CamKII signaling in osteocyte biology.
Finally, we have discovered a novel mechanism of sclerostin protein regulation,
degradation. Our data demonstrates that in response to FSS sclerostin protein is rapidly
degraded by the lysosome. This taken together with the decrease in SOST gene
expression suggest a two tiered response to mechanical stimuli. The first tier is the rapid
degradation of sclerostin protein. We postulate that this is a safety mechanism. The
osteocyte feels an anabolic load, however in order to refrain from building unnecessary
bone, it simply degrades the available pool of sclerostin and then waits to sense if the
anabolic load persists. If this load does persist, than the osteocyte feels it necessary to
begin the remodeling process and thus proceeds to reduce SOST gene expression as well.
This sort of two tier mechanism makes sense in terms of a cellular system. It takes much
more energy and resources to build bone than it does to reinitiate production of a single
protein.

This work has brought to light many new avenues of research to be explored in the
future. Many of these mechanisms also have varying degrees of implication for not only
basic osteocyte biology but also diseases of skeletal fragility and therapeutic

interventions.
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Implications for Osteocyte Biology
Great strides have been made in the field of osteocyte biology using a variety of in vitro

models of mechanical stimulation®”). These range from simply placing the cell culture
vessel on a rocking platform to complex systems offered by commercial companies like
the FlexCell Streamer. However, due to the limits of these systems, it was not possible to
accurately connect the FSS induced Ca?* influx observed in osteocytes to the downstream
signaling and gene expression changes®>%3%_ While most groups used multiple
techniques for introducing FSS to cells and then extrapolated their results, there was
always one lingering question. Does the differences in the technique used have differing
effects on the cellular response? It has been shown in the literature that the mechanism of
FSS, whether the flow is laminar or turbulent, can affect the cellular response®%.
Further, it has even been shown that different mechanical stimuli can have different
outcomes®4?), For example, mechanical stretching of osteocytes causes a different
response than FSS application®®. Our new device allows for the accurate comparison
and connection of these mechanisms by eliminating the need for different systems. This
allows us to compare the cellular response to mechanical stimuli using the exact same
conditions for every outcome measure®?. This could open new avenues of research into
studying the underlying mechanisms of osteocyte mechanotransduction.

Further, our research has proved that the Ocy454 osteocyte cell line is indeed an
appropriate model for exploring osteocyte biology. Much of the work has been
traditionally done using MLO-Y4 cells, however these cells have been characterized as
osteocytes mainly by their morphology®¥. While they are in fact very similar to
osteocytes in morphology, they lack key characteristics of osteocytes including a lack of

detectible levels of sclerostin protein®'®, With the Ocy454 cell line, our work further
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enforces the notion that this novel cell line is a better model for studying osteocytes in
vitro and could lead to many new revelations in osteocyte biology®®?.

We have revealed a few new mechanisms of osteocyte mechanotransduction that
challenge long standing notions in this field. For example, it was previously thought that
the osteocyte cell process were mainly actin rich elements®®. However, our work
regarding the MT network shows that in fact the osteocyte cell processes are also rich in
MTs®33), This could lead to further investigation into the role of the MT network in
osteocyte mechanotransduction and proposes the concept that the MT network actually
plays a more functional role in osteocytes that previously considered. Further, our work
has introduced the idea that MT detyrosination plays an important role in osteocyte
mechanotransduction. It is also likely that other MT PTMs could play an important
functional role in osteocyte biology.

The broader role of TRPV4 in the osteocyte FSS induced Ca?* influx further expands our
knowledge of this phenomenon. While many other mechanisms have been shown to be
involved including t-type Ca?* channels and P2X channels, it is clear from our data that
these are not the only contributors to the response®?!, In fact we postulate that the
initial Ca?* bolus is mediated by TRPV4 and the downstream Ca?* oscillations are
mediated by these previously described mechanisms. However, this distinction would
require further investigation to conclude.

CamKII signaling is a ubiquitous Ca?* dependent singling pathway throughout many
tissues®24+-330), However, the idea that this is a major signaling pathway involved in
osteocyte biology could have significant impacts on the field. Many of the mechanisms

that have been previously outline in osteocytes, including the singling response to
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hormones, osteocyte mechanotransduction, and osteocyte gene expression regulation,
could all in some part involve CamKII signaling. This data open many new avenues of
investigation into the details of these biochemical and molecular pathways. We
hypothesize that CamKII will become a major player in osteocyte biology and have long
standing implications on future research.

Sclerostin protein has been exceedingly difficult to study, mainly due to the lack of an
appropriate in vitro model®®. However, our data has revealed that post translational
regulation of sclerostin protein could be very important to osteocyte biology.
Understanding these mechanisms could lead to novel therapeutic targets and
interventions for treating diseases of skeletal fragility. We have shown that Ocy454 cells
are an appropriate model for exploring these mechanisms and open a string a new

opportunities for further research.

Implications for Osteoporosis
While all of the work we have presented thus far has been in vitro, there are still many

implication for diseases of skeletal fragility like osteoporosis. Skeletal fragility is a
substantial and growing problem. In 2006, >200 million people worldwide suffered from
osteoporosis, contributing to ~9 million factures annually. The disability due to
osteoporosis is greater than that caused by many cancers and many other chronic
diseases®4. Thus, preventing or restoring bone loss is of vital importance to limiting the
personal and economic impact of skeletal fragility. Currently, there is no cure for
osteoporosis and the current treatment only work to slow the progression of bone loss?®b.
While a humanized anti-sclerostin antibody has shown great promise in clinical trials,

there are still issues with the route of intervention. First, bone remodeling is a process

121



that couple bone resorption with bone formation. Therefore, simply increasing bone
formation helps to increase bone mass, but does not build good quality bone because
bone resorption is not equally increased. Further, there were recent reports of patients in
this clinical trial began to show severe heart related side effects®®. With these new
revelations regarding the safety of sclerostin humanized monoclonal antibodies, there
remains a great need to stimulate the bone remodeling process in total.

Some of the mechanisms we have outlined here have the potential to do this. For
example, if we can modulate the osteocyte MT network and adjust the threshold of what
load is considered anabolic, we could stimulate the skeleton’s natural ability to adapt to
load and maintain peak bone mass. Imagine a healthy individual who exercises regularly.
This person’s osteocytes will respond to the load generated by exercise and build and
maintain bone mass. Now imagine an elderly person who cannot exercise this way. If we
could tune the cytoskeletal stiffness of their osteocytes down just slightly, this could
decrease the limit at which the osteocytes sense mechanical stimuli. Therefore, light
mechanical load which was previously not sensed, like day to day walking or even just
gravity, would now become anabolic. This would allow the elderly person to build and
maintain bone mass in the same manner as the healthy individual despite experiencing
much less load. Further, this brings to mind the notion that astronauts who spend
extended time in zero gravity could also benefit from these findings for the same reason.
We could tune their MT network while they are experiencing the reduced load and
potentially limit the progression of bone loss that is observed in astronauts®%),

Also, our work has revealed potential new therapeutic targets for the treatment of

osteoporosis. Activators of TRPV4, independent of mechanical stimulation was sufficient
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to decrease sclerostin®*®). Thus, activators of TRPV4 could be potential candidates for
the treatment of osteoporosis. This could be useful in combating resistance that may build
up from long term use of humanized anti-sclerostin antibodies or even be used
independently for therapeutic intervention. Further, CamKII signaling lead to the
reduction of sclerostin and other osteocyte specific genes. Therefore, activation of
CamKII signaling independent of mechanical load could also serve as a possible
therapeutic target for the treatment of low bone mass. Similarly, activating Nox2 could be
a potential route for stimulating the osteocyte mechanical load response independent of
actual load. Unfortunately, all of these potential targets are ubiquitously expressed
throughout the body. Thus, while these implications have great potential, it would still
take significant investigation before any of these options became viable targets for
therapeutic intervention. In the next section, the future directions of this research will be

discussed in more detail.

Future Directions

Future research
While we showed that sclerostin degradation is dependent on CamKI1 signaling, we did

not outline the molecular mechanism linking these two events. It is possible that CamKI|
is acting as a switch that determines whether sclerostin gets secreted or sclerostin gets
trafficked to the lysosome, however this still remains to be determined.

A major concern for this work is the mechanism of action of the drug Taxol. Many new
reports are indicating that the activity of Taxol is due to increases in oxidative stress.

Since our work showed that ROS is required for the FSS induced Ca?* influx observed in
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osteocytes, it will be important in the future to separate the FSS induced ROS and any
oxidative stress generated by our interventions. This will likely be resolved by using
different methods of increasing Glu-tubulin levels independent of Taxol.

Further, it would be important to explore the mechanisms of CamKII dependent changes
in osteocyte gene expression. Since CamKI|I is such a ubiquitous signaling molecule,
there are quite a few options that could account for the changes observed. However, it
will also be important to explore the role of CamKIl in FSS induced changes in osteocyte
gene expression as our work only showed changes independent of mechanical
stimulation. By outlining this pathway in more detail, it will not only further enhance our
understanding of osteocyte biology, but could also potentially reveal novel targets for
therapeutic intervention in osteoporosis.

As mentioned above, all of this work to this point has been in vitro work in cells in
culture. This is a major shortcoming of this work. However, we do have some
preliminary results in vivo that suggest these mechanisms are conserved. We used an ulna
load model to explore the signaling events we observed in vitro. Indeed when we subject
mice to repeated ulnar loading of 2.5N for 90sec at 2Hz, we see a decrease in sclerostin
protein and activation of CamKII signaling within 1 hour post load (Figure 30). Further,
when we treat mice with colchicine or a TRPV4 antagonist in vivo, and then subject them
to the same ulnar loading protocol, we abrogate the downregulation of sclerostin and
activation of CamKII signaling compared to vehicle treated controls (Figure 30). While
this preliminary data is promising there is still substantial work that needs to be done to

prove these mechanisms are in fact conserved in vivo. All of these mechanisms, including
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Figure 30. Acute mechanical loading causes rapid sclerostin downregulation and CamKI| activation
in a murine unlar load model.

(A) 12 week old mixed background mice were anesthetized and loaded into a modified Aurora Scientific
305B muscle lever system. The volar flexed carpus was placed into a small cup on a fixed substrate while
the elbow was placed into a small cup on the lever arm of the force transducer. Contralateral ulnas which
experienced no mechanical load used as controls. (B) Dynamic histomorphometry was performed on
loaded mice to validate the model of ulnar loading. Representative fluorescence images of murine ulna

showing dual labeling of Alizerin Red (red) and Calcein (green) (left). Ps. BFR/BS (umalumzlday)
indicates the periosteal bone formation rate (middle). Ps. MAR (um/day) indicates the periosteal mineral
apposition rate (right). (C) Graphical representation of ulnar loading protocol. Limbs were preloaded at 0.3
N and then subjected to repeated loading of 2.5 N at a frequency of 2 Hz for 90 secs, daily for 3 days. (D)
Ulna extracts from loaded ulnas were immunoblotted for the indicated proteins. The contralateral limbs
were used as control and GAPDH served as a loading control. Sclerostin to GAPDH and p-CamKIlI to

GAPDH ratios are indicated. Graphs depict mean + sem. # indicates P<0.0001 versus control by one-way
ANOVA with Dunnet’s post hoc test.
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changes in cytoskeletal stiffness and activation of Nox2 must be translated to in vivo
models for confirmation. Interestingly, acute treatment with Taxol altered the skeletal
morphology of 8 week old mice (Figure 31). However, this data is complicated due to the
fact that the mice were not at skeletal maturity. It is impossible to conclude whether the
observed changes in bone mass is caused by the loss of the ability of the osteocytes to
sense mechanical stimuli. In reality, it is much more likely that the observed effects are
caused by an inability of the osteoblasts to divide and proliferate due to the Taxol
treatment. However, while complicated and difficult to interpret, this data does provide
some promise that these interventions can be utilized to alter bone mass. Thus, the ability
of these inhibitor to increase bone mass in osteoporosis models or in patients with
diseases of skeletal fragility is something that should be explored in greater detail.

More importantly, the notion that regulation of cytoskeletal stiffness is indeed an active
process, needs to be explored. This could be done by performing adaptation experiments.
For example, subjecting the cells or the mice to repeated bouts of supra-physiologic
loading and then subjecting them to a decreased load to show that the cells or mice no
longer respond. Also, we have not explored if repeated bouts of mechanical load alter the
abundance of Glu-tubulin in a meaningful way. Both of these would be important
parameters to explore in the future.

Lastly, it would be important to show that alterations of these pathways can be used as a
therapeutic intervention for osteoporosis. Using some of these inhibitors or similar
pharmacologic agents to treat animal models of osteoporosis is a logical final step for this
work. While this work has made great strides in the field of osteocyte

mechanotransduction, much remains to be done.

126



Long Bone
DMSO Taxol
Sclerostin | T — ——I

GAPDH[!.Q" n |

sclerostin/GAPDH

T
E

BV {mm
BAr (mm?

MMI (mm*

N >
© «©

&

> >
& (S
§ o

> N

o

& 3+

§ § 2
« o

S <@ oy

s

>
f@*o

Figure 31. Acute Taxol treatment alters bone quality in vivo.

(A) Long bone extracts from mice treated acutely with Taxol were immunoblotted from sclerostin. GAPDH
served as a loading control. Sclerostin to GAPDH ratio is indicated. (B) Representative 3D reconstitution of
murine femurs from mice treated with and without (control) Taxol and scanned using uCT. (C) uCT
analysis of murine femurs from mice treated with and without (control) Taxol. Graphs depict mean + sem.
* indicates p<0.05 versus control by student’s unpaired two tailed t-test
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Conclusion
The great personal and economic burden of diseases of skeletal fragility highlight the

necessity to better understand osteocyte biology and how the skeleton senses and
responds to mechanical stimulation. This data presented here help to delineate some of
the molecular mechanisms involved in this fundamental aspect of skeletal physiology.
With the increasing life expectancy of humans and the increased interest in space travel,
these vital concepts are going to continue to have a greater impact on society. In the
future, there will be even greater importance in further expanding our understanding of

the skeleton.
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