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CHAPTERI

INTRODUCTION

Breast Cancer Biology: Molecular Mechanisms of Invasion at the Primary Site

Breast cancer is by far the most common cancer among women, with 1.3
million women diagnosed worldwide annually [1]. Every year, approximately one
third of these patients will die from breast cancer. The pathology of breast cancer is
heterogeneous as it forms in both the mammary ducts or lobules, and as such,
multiple pathways of invasion have been suggested [2]. Nearly 80% of all breast
cancer diagnoses are ductal, and the suggested path of carcinogenesis has been
through atypical ductal hyperplasia (ADH), followed by ductal carcinoma in situ
(DCIS) resulting in invasive ductal carcinoma (IDC) and ultimately metastatic
disease [3]. As the name suggest, DCIS is confined to the duct. Thus, development of
IDC requires that cancer cells extravasate the ductal epithelial basement membrane
to invade the surrounding tissue. Subsequently, cells are able to enter the
vasculature and lymphatic system to metastasize to distant sites, which often
ultimately results in patient fatality. Therefore, it becomes paramount to fully
understand mechanisms of invasion and metastasis if science is to develop more
effective cancer therapies that result in better patient prognosis.

The progression of breast cancer, beginning with the formation of ADH and
its associated transformations, arises through multiple changes in gene expression

that are both complex and varied and have been identified to have causal roles in



both initiation and progression of pathology [2]. While many studies have identified
genes important in the transition from DCIS to ICS, there has been little overlap
between these studies and as such, it has been difficult to identify a consensus
genetic signature involved in the development of invasive ductal carcinoma [4-8].
Nevertheless, some of the most dramatic gene expression changes observed have
been in genes directly involved in cell motility [9], suggesting that the mechanisms
by which cells locomote and generate cytoskeletal tension play an important role in
the progression of cancer.

Cell locomotion along a 2-dimensional surface (along the x-y plane) and
invasion into a tissue (into the z-plane) involve various kinases, proteinases and
intracellular signaling molecules. Single cell mesenchymal movement along a 2-
dimensional surface is a four-step process, involving the formation of filopodia and
lamellopodia protrusions in response to activation of Rho-family GTPases [10-12].
Subsequently, the cell forms focal adhesions with the extracellular matrix (ECM) via
clusters of specialized transmembrane proteins (integrins) that bind to the ECM.
This then stabilizes the cell-matrix interaction by means of a network of highly
ordered F-actin filaments known as stress fibers. These fibers are linked to the
motor regulatory protein non-muslce myosin I, whose regulatory light chain is
phosphorylated to generate cytoskeletal tension and contract in the direction of
movement and ultimately disassemble the F-actin linked focal adhesions at the rear
of the cell, moving the cell forward [10-12].

In vivo, however, the cell must invade into a tissue (not merely along a

surface), which requires the use of proteases to degrade the extracellular matrix. To



facilitate downward invasion of the ECM, cells recruit proteases to focal adhesions
at particular actin-rich subcellular protrusions on the ventral surface of the cell
known as invadopodia [13]. Various integrins have been identified in invadopodia,
including asp1, asp1 and owfP3 [14, 15]. Invadopodia secrete various matrix
metalloproteinases (MMPs), including MT1-MMP, MMP2 and MMP?9, as well as other
proteases such as members of the ADAM family [16, 17] to break down matrix
molecules like collagen, fibronectin and laminin. Co-localization of proteases and
integrins is required in many instances for successful matrix deradation; MMP2
activation by MT1-MMP requires association with ayf3 integrin [15], and MT1-MMP
has also been shown to necessarily co-localize with various other proteases to
degrade the ECM [13], demonstrating that adhesion and invasion mechanisms are
closely linked.

In addition to secreted and membrane bound proteins, a number of
intracellular molecules are also important in invadopodia function and formation
and thus, ECM invasion. Src, a non-receptor kinase and its associated tyrosine
kinases are known to promote cell invasion and invadopodia formation through
adhesion regulation and signaling activity downstream of growth factors and
integrin binding [18]. Specifically, Src is thought to promote actin assembly at
adhesion sites[13]. Similarly, a number of small GTPases serve to direct cytoskeletal
reorganization and thus, formation of invadopodia [10, 19, 20]. As previously
mentioned, invadopodia require the use of MMPs to degrade the surrounding
matrix, yet broad spectrum inhibition of MMPs does not abrogate cancer cell

invasion [21], suggesting an alternative, non-mesemchymal invasion mechanism.



Tumor cells have been shown to utilize amoeboid movement to invade
surrounding tissues, independent of protease degradation, by means of Rho/ROCK
signaling [22, 23]. This type of movement has been shown to be especially
important in conditions where proteolysis is inhibited [24, 25]. Thus, this
mesenchymal to amoeboid transition (MAT) and its associated Rho-mediated
signaling are of particular importance in mineralized tissues, where proteases
cannot degrade the surrounding matrix.

Taken together, these findings all indicate that cell contractility, locomotion

and adhesion play a critical role in the progression of cancer.

Bone Biology: Tumor invasion of mineralized tissues

Once breast cancer transitions to IDC and extravasates from the primary site,
it enters either the circulatory or lymphatic system to metastasize to distant sites.
While breast cancer is known to metastasize to both the lung and liver, it has a
particular predilection for metastasizing to bone; over 70% of patients suffering
from advanced breast cancer present with osteolytic bone metastases [26]. Patients
with osteolytic metastases have a number of cancer-associated bone pathologies,
including chronic pain, pathologic fracture and hypercalcemia [26]. Most
importantly, the presence of bone metastases in breast cancer patients is associated
with poor prognosis, reducing survival rate to approximately 27% as compared to
96% for patients with only primary tumors [1]. Nevertheless, the current standard
of care focuses mainly on the treatment of cancer associated bone pathologies once

tumor has already been established, rather than the prevention of metastases



formation. Bisphosphonates are commonly prescribed to slow cancer-induced
osteolysis, but do little to eradicate the cancer itself. As such, bisphosphonate
treatment is usually accompanied by either chemotherapy or radiation, which carry
with it vast off-target cytotoxic effects and questionable efficacy in bone [27]. Thus,
it is vital to understand the mechanisms by which cancer homes to and invades the
bone for the development of effective metastasis therapies.

Bone comprises the majority of the body’s connective tissue and is unique in
the sense that it is mineralized (and thus, very rigid) and continuously regenerated
throughout life as a result of bone turnover [28]. Mineral content accounts for
approximately 50-70% of adult bone, providing mechanical strength and rigidity (E
0(10° Pa))[28]. Bone is a complex tissue, serving many more functions beyond its
apparent structural support for the body and protection of vital organs. The bone
marrow serves to produce both red and white blood cells and store fat cells, while
the bone matrix is the body’s mineral reserve. The bone matrix is also a vast reserve
of growth factors, serves to balance blood pH and is the body’s largest endocrine
organ, regulating phosphate and glucose metabolism [29]. Furthermore, bone
contains a variety of different matrix proteins. In addition to type I collagen, and a
number of other various protein types, the bone matrix has a significant
concentration of glycoproteins with cell attachment activity [13, 28]. These proteins
are required for cells to interact with the matrix and perform specific cell functions
such as migration, proliferation and differentiation through specific cell surface
receptors (integrins) resulting in transduced intracellular signals [28]. Many of

these attachment proteins contain the RGD (Arg-Gly-Asn) binding sequence, such as



fibronectin, and the expression patterns for both the RGD proteins and associated
integrins are variable, suggesting cell-matrix interactions may play a role in cell fate
and maturation [28].

Bone is generated by mononucleoid cells (osteoblasts) responsible for
formation of non-mineralized osteoid [30]. Bone formation by osteoblasts can be
divided into four main stages (1) proliferation of the pre-osteoblasts, (2) osteoblast
maturation and matrix secretion (3) post-translational modifications and (4)
mineralization of the matrix. Stages (1) and (2) are driven by the release of growth
factors facilitated by the resorption of the bone matrix by osteoclasts [31].

Osteoclasts are a member of the monocyte/macrophage family, and the sole
cell type that can resorb the mineralized bone matrix. They require two main
cytokines to differentiate, one being RANKL and the other being macrophage
colony-stimulating factor (M-CSF) [32, 33]. Osteoclast efficacy depends largely on
the cell’s ability to form an acidified microenvironment between the cell’s ruffled
border and the bone matrix [34], thus bone resorption clearly depends on a physical
intimacy between the osteoclast and the bone matrix. As previously mentioned,
integrins play a vital role in anchoring cells to the extracellular matrix, and integrin
signaling has been shown to be important in osteoclast function. Integrin owf33
expression is absent in osteoclast precursors, but markedly upregulated upon
differentiation by RANK-L [35]. Furthermore, mice that lack expression of the 33
integrin subunit develop a progressive increase in bone mass due to osteoclast
dysfunction [36], suggesting that integrin activity, in particular that of awf33, is vital

to normal bone metabolism. Since osteoclasts are stimulated by the release of



RANKL by osteoblasts, and osteoblasts are stimulated by growth factors released
from the bone matrix [31], mechanisms of bone formation and resorption are highly
coupled. Numerous pathologies, including cancer, disturb this delicate balance.

Once cancer cells have entered the blood stream, they must first home to the
bone and subsequently establish themselves and proliferate in bone. Numerous
factors contribute to both these processes, involving both the nature of the bone
matrix and behavior of the cancer cell.

While several tumor-derived molecules such as E-cadherin and osteopontin
have been identified in the development of bone metastases, it is those of
chemokine origin that have consistently been identified as major players in cancer
cell homing to bone. The chemokine receptor CXCR4 is upregulated in bone
metastatic cancers [37], and its ligand, CXCL12/SDF-1 is readily found in the bone
marrow. Both neutralizing antibodies to and genetic silencing of CXCR4 have been
shown to reduce both breast and prostate tumor metastasis [38, 39]. Likewise, avf33
integrin, which binds the RGD sequence in various bone matrix proteins such as
osteopontin, fibronectin and vitronectin, is likely implicated in the homing and
invasion of the endosteum [40]. In fact, inhibition of avf33 reduced the presence of
bone lesions in several animal models of breast cancer metastasis [41, 42]. In
addition to matrix degradation in the primary site, MMPs have also been shown to
be of importance in bone metastases. MMP secretion and expression is increased in
bone metastatic breast cancer [37, 43], and high levels of MMPs correlate with poor
patient outcome [44]. In bone, MMPs have been shown to cleave various tethered

signaling molecules such as insulin-like growth factor 1 (IGF1), E-cadherin,



fibroblast growth factor (FGF), pro-TGF-f, and RANK-L [45-47]. Taken together,
these data suggest that cancer metastasis to bone is a complex process involving
numerous proteins, such as chemokines, integrins, proteinases and growth factors.
Once cancer cells become established in the bone microenvironment, they
begin local invasion of the bone matrix. To do so, breast cancer cells disrupt balance
of bone formation and resorption by secreting parathyroid hormone related protein
(PTHrP) to recruit osteoclasts. In addition to its role in osteoclast recruitment,
PTHTrP is expressed in most tissues in the body during either development or adult
life, where its function can be classified into of three categories. It is thought to
regulate transepithelial calcium transport in the distal nephron, mammary
epithelium and placenta. PTHrP also plays a role in growth, differentiation and
development in the skin, hair follicles, mammary gland and growth plate [48].
Furthermore, PTHrP acts as a smooth muscle relaxant in the uterus, urinary
bladder, stomach, ileum and mammary gland [48-50], where its expression is
stimulated by mechanical stimulation suggesting a mechanoresponsive element in
the regulation of PTHrP. In breast cancer, PTHrP is a major regulator in the
development and establishment of osteolytic metastases. It is differentially
expressed by tumor cells at sites of bone metastases and elevated in patients
suffering from bone metastatic disease [51, 52]. PTHrP secreted by tumor cells
stimulates expression of RANKL and inhibits expression of osteoprotegerin (OPG)
by osteoblasts and stromal cells, respectively. This in turn stimulates
osteoclastogenesis via the receptor RANK on osteoclast precursors [53], allowing

tumor cells to invade the mineralized matrix. In fact, use of PTHrP neutralizing



antibody reduced the number and size of osteolytic lesions, as well as number of
osteoclasts at the tumor-bone interface in a murine model of breast cancer
metastasis [26]. Conversely, overexpression of PTHrP led to an increase in
osteolytic metastases [54]. Similarly, metastatic breast cancer cell lines that do not
express PTHrP do not form osteolytic lesions, but can be induced to do so by genetic
alteration to express PTHrP [55]. It follows then that understanding the mechanism
behind the initiation of PTHrP expression is vital to the development of effective
therapies to prevent osteolytic metastases.

In addition to tumor cells changing and exploiting mechanisms of bone
formation and resorption, bone itself is host to a plethora of cytokines and growth
factors released from the bone matrix during remodeling that stimulate cancer
growth. The most prominent of these growth factors is host-derived TGF-3, which
furthers growth of the tumor through the production of osteolytic factors.
Specifically, TGF-f is known to stimulate production of PTHrP by the tumor and
blocking TGF-f signaling prevents both secretion of PTHrP by breast cancer cells
and osteolytic metastases in a murine model of breast cancer [56]. The mechanism
by which TGF-f3 promotes osteoclastogenesis is cell- and context-specific, acting
through both Smad and p38 mitogen activated protein kinase (MAPK) [57] to
stimulate not only PTHrP but also other osteolytic and prometastatic factors such as
interleukin 11 (IL11) and connective tissue growth factor (CTGF) [37]. Thus, itis
important to consider the effects of TGF-f when examining mechanisms of tumor

establishment in bone and developing associated effective therapies.



Breast cancer cells interact with three vital components of the bone
microenvironment: bone-forming osteoblasts, bone-resorbing osteoclasts and the
growth factor-rich bone matrix. Tumor cells secrete factors that inhibit osteoblasts
and stimulate osteoclasts, either directly or indirectly, and are in turn stimulated by
growth factors released from the bone matrix to continue secreting osteoclastogenic
factors. As such, the presence of osteolytic breast metastases presents a unique and
complex problem requiring complete understanding of the interactions between

cancer cells and their environment to develop effective therapies.

Mechanotransduction and Biophysics

Cells can interact with their environment both biochemically and physically,
with the latter being heavily influenced by the mechanical properties of the cell’s
surroundings. The elastic modulus of the extracellular matrix has been shown to
influence numerous cellular outcomes, including cancer cell invasiveness,
development of malignant phenotypes and stem cell differentiation [58-61]. Within
the body, there exist several orders of magnitude differences in tissue elasticity,
ranging from elastic moduli of 0(103 Pa) (e.g. brain matter, adipose tissue, healthy

breast tissue) to O(10° Pa) (e.g. mineralized bone)[61-63] (Table 1.1).

Table 1.1. Elastic Moduli of various Tissues

Tissue Type Elastic Modulus (Pa)
Brain 102 - 104

Lung 4 x 102

Breast 8 x 102

10



Muscle 0.12-1.0x10°
Fat 2x 104
Artery 0.1-3.8x10°
Areolar connective tissue 0.6-1.0x10°
Smooth muscle 5x10°
Bone 17.1-28.9 x 10°

Cells sense the rigidity of their surroundings through integrin clusters known
as focal adhesions, which also serve as the cell’s anchorage to the surrounding
matrix [64]. Integrins also function to transmit forces generated by cells through
interaction between the actin cytoskeleton and myosin II to the ECM [65].
Formation of focal adhesions requires the presence of a solid substratum, and is
regulated by the GTP-binding protein Rho and its associated kinase, ROCK [66]. Rho
then induces cell contractility, which in turn stimulates actin fiber assembly and
aggregation of integrin clusters to activate focal adhesion kinase and initiate
signaling [66]. The primary regulator of cell contractility is the phosphorylation of
the light chain of myosin II (MLC) at Ser-19 and Thr-18 by myosin light chain kinase
(MLCK), with the serine residue being the main phosphorylation site and the
threonine residue phosphorylating at a slower rate under conditions of maximum
stimulation [67, 68]. Rho serves to further enhance contractility via Rho-kinase

(ROCK) by inhibiting dephosphorylation of MLC by myosin phosphatase (mPP) [69].
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3. Contraction -- tension

2. Integrin bindi
1. ECM — mechanical stimulus ntegrin binding

Figure 1.1. Generation of cytoskeletal tension in response to mechanical stimuli. The
cell binds to the solid substrate and begins actin assembly and formation of integrin clusters
(focal adhesions). This activates focal adhesion kinase (FAK) to initiate intracellular signaling
to induce phosphorylation of myosin light chain (MLC) via myosin light chain kinase (MLCK)
and Rho-kinase (ROCK). MLC is anchored to the actin cytoskeleton and contracts, resulting in
contraction of the cell and generation of forces on the ECM via focal adhesions.

In addition to sensing the mechanical properties of their surroundings,
integrins control a number of intracellular signaling pathways, suggesting that the
physical forces they transmit are translated into downstream biochemical signals.
In other words, since integrins serve to both transduce forces and sense the nature
of the surrounding ECM, the rigidity of this ECM likely has an impact on integrin
activity and signaling. Numerous cell types have been shown to exhibit increased
cytoskeletal tension in response to increased substrate rigidity, including stem cells,
neurons, epithelial cells and cancer cells [58-61, 70]. In general, increased substrate
rigidity results in increased focal adhesion number and cell locomotion; and
inhibition of myosin, which prevents the generation of contractile forces within the
cell, abrogates these effects [60]. Specifically, naive mesenchymal stem cells (MSCs)
have been shown to differentiate into neuronal, myogenic and osteogenic lineages in

the absence of exogenous growth factors when cultured on substrates that
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approximated the mechanical properties of brain, muscle and non-mineralized
osteum [61]. This differentiation was shown to be dependent on the cell’s ability to
generate tension, as treatment with Blebbistatin, a small molecule inhibitor that
prevents the binding of myosin to the actin cytoskeleton, prevented the
differentiation of MSCs on rigid substrates, demonstrating that the cell’s ability to
generate tension is required for rigidity effects on cell fate.

The mechanosensitivity of cancer cells in soft tissue has also been well
established. With respect to breast cancer, it is well known that lysyl oxidase
crosslinking of the breast ECM leads to stiffening of the matrix, and thus elevated
Rho-dependent cytoskeletal tension and adhesion (a process known as
mechanoreciprocity) [58, 59]. Furthermore, matrix stiffening has been shown to
disrupt normal epithelial morphogenesis and promote a malignant phenotype
through Rho-contractility and focal adhesion clustering [59]. Similarly, it has been
demonstrated that matrix rigidity directly increases number and activity of
invadopodia in Cald cells[71], further supporting the notion that matrix rigidity
enhances breast cancer invasion and aggression. These studies demonstrate that
the ECM stiffening in the breast associated with cancer plays a significant role in
influencing the invasiveness of tumor cells.

However, the mechanoreciprocity that tumor cells experience in the primary
site is different from conditions at the bone metastatic site. Not only is bone rigidity
much higher than that of cancer-influenced breast tissue, but due to its mineral
content, bone is at least six orders of magnitude more rigid than soft tissue

independent of any ECM crosslinking induced by cancer. This would suggest that
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there may be a constituently activated contractility state in cancer cells resident in
the bone, and that therapies targeting mechanotransduction pathways could
potentially be effective in preventing the establishment of bone metastases. Indeed,
various antagonists to mechanostransduction effectors have shown promise as
clinical therapies for the prevention of bone metastases. Rosenblatt, Liu and
colleagues have recently demonstrated that the use of Y27632, a small molecule
antagonist of ROCK, reduced tumor burden and incidence in a mouse model of
breast cancer metastasis by 77% and 33%, respectively [72]. Similarly, inhibition of
awP3 integrin or SFKs, which are both implicated in mechanotransduction and the
generation of cytoskeletal tension, have been shown to reduce bone loss and
skeletal metastases in vivo [42, 73], suggesting that mechanotransduction pathways
are an important clinical target for the prevention of bone metastases.

Lastly, PTHrP, which plays a major role in driving tumor associated bone
destruction, has been shown to be mechanoresponsive in smooth muscle cells,
where it is implicated in cell contraction [49, 50]. Mechanical distention of the rat
urinary bladder and abdominal aorta both in vivo and in vitro induced up to 4-fold
increases in PTHrP mRNA expression [49, 50], further supporting the notion that
matrix rigidity, which induces cytoskeletal tension, could influence PTHrP mRNA
expression. Considering the vast increase in elastic modulus of bone as compared to
soft tissue (10 increase or greater) and the established mechanosensitivity of
cancer cells, it is likely that a mechanotransduction response to the rigidity of the

bone microenvironment plays a role in PTHrP induced bone destruction.
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Biomaterials for the Study of Mechanically Transduced Signaling

It is important to note at this point that the aforementioned studies on matrix
rigidity and cell interaction all utilized hydrogel substrates with elastic moduli in the
kPa range, while many tissues in the body far exceed those values, with the
basement membrane being in the MPa range [74] and mineralized bone, the
preferential target for breast cancer, being in the GPa range [75]. In fact, some
studies have assumed that cells cultured on substrates exceeding 100 kPa are in a
state of isometric contraction, and can thus do not generate differential responses to
substrates in the MPa to GPa range[76]. In this work we present evidence that cells,
in particular cancer cells, can sense and respond to rigidities spanning the entire
spectrum of human tissue, from E 0(103 Pa) to E O(10° Pa).

The challenge in studying cell response to the entire range of human tissue
rigidity is twofold: (1) Traditional in vitro studies are normally performed in 2D
monolayer culture, whereas most cells in vivo grow in a 3D network within the ECM,
and (2) it requires, as of now, the use of a variety of mechanically tunable
biocompatible substrates with equivalent surface chemistries as to minimize artifact
effects. Soft tissues (E<100kPa) are best simulated by the use of hydrogel
substrates, which can be biological or synthetic in nature, including type I collagen,
gelatin and polyacrylamide hydrogels. Most cells adhere to the surface and
proliferate readily when embedded in collagen or gelatin, but tuning the rigidity of
these materials requires varying the concentration of gelatin or collagen, which
would alter the ligand concentration for cell binding and could produce off-target

effects. Polyacrylamide (PAA) gels can be tuned independently of ligand
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concentration but require functionalization with a matrix protein via an acrylate
linker to facilitate cell adhesion [60]. Additionally, PAA gels require the use of
catalysts that are toxic when not bound in a polymer network, thereby rendering
unsuitable for embedding cells within the 3D matrix (PAA gels are more suitable for
2-dimensional culture). Mimicking more rigid tissues requires the use of non-
hydrogel materials. Biocompatible polyester polyurethanes (PUR), formed by
reacting an isocyanate component with a polyalcohol, can be produced with moduli
ranging from MPa to GPa by melt- or solvent-casting directly into the wells of a
tissue culture plate [77] to form a 2D film for in vitro cell culture. The ability of PUR
materials to support cell attachment and growth in vivo and in vitro is well
documented [78-83], although some cell types require matrix proteins for
attachment, which adsorb readily to PUR materials [77]. In such cases, it is vital that
the surface concentration of these proteins is controlled and equal on all materials
used to study matrix rigidity effects, since the presence of matrix proteins such as
fibronectin can influence cell behavior.

While 2D in vitro culture is a valuable tool in beginning to understand cell
behavior, cells grow within a 3D matrix in most physiological conditions. Thus, in
addition to materials with suitable rigidity properties, the study of matrix rigidity
effects on mechanotransduction requires materials that also mimic the structure
and architecture of the ECM in vitro. Traditionally, in vitro studies are performed
using a monolayer of cells grown on tissue culture polystyrene (TCPS, E~2GPa).
However, the 3D ECM cells encounter in vivo can range in modulus from kPa to GPa

[84]. Not surprisingly, cells have been shown to exhibit different behaviors when

16



cultured in 2D or 3D matrices. Polarity, morphology, and migration of both
fibroblast and epithelial cells differ when grown in 2D and 3D culture [85-87]. This
is especially important in cancer, as loss of epithelial cell polarity is associated with
carcinogenesis and a disorganized cellular architecture is a hallmark of solid tumors
[88, 89]. Normal epithelial cells grown in traditional monolayer culture are highly
plastic and exhibit many characteristics displayed by tumor cells in vivo [90, 91],
but differentiate normally when cultured within a 3D matrix [92, 93]. Taken
together, these data illustrate the need for physiologically accurate and relevant
synthetic biomaterials for in vitro study of cell behavior.

While previous studies involving 3D in vitro culture utilized cells embedded
in hydrogels [86, 87, 94], these matrices are not physiologically relevant for
mineralized tissues like bone, which is six orders of magnitude more rigid. PUR
materials, in addition to being cast into 2D films by two-component liquid reactive
molding, can also be synthesized as 3D scaffolds with interconnected pores to
support cell growth in vitro and in vivo [79, 83, 95, 96]. Addition of water, a castor
oil stabilizer and calcium stearate pore opener to the isocyanate/polyol mixture
results in gas foaming of the polyurethane scaffold, yielding high porosity, pore
interconnectivity and an environment favorable for cell ingrowth [95, 97]. As an
alternative to gas foaming, incorporation of a leachable porogen, such as a salt or
paraffin microbead, can also produce a 3D interconnected pore structure suitable
for both in vitro study and in vivo implantation [98]. Using these methods,

biocompatible polyurethane 3D materials can be tuned with elastic moduli ranging
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from 10 - 10° Pa, and present a viable model for more rigid tissues, such as the
basement membrane or trabecular bone.

At this point, it becomes important to define what mechanical properties
cells actually “sense” in order to appropriately measure the mechanical properties
of synthetic materials used in vitro. Tensile testing is a simple, yet powerful
technique for assessing the bulk modulus of non-porous materials. Since most
synthetic materials are isotropic and homogeneous, the physical orientation of the
material during mechanical testing does not affect the reading. Biological tissues,
such as bone or the basement membrane, are highly anisotropic and as such need to
be oriented during testing in a way that is consistent with use and analysis. Itis
important to note that biological tissues also exhibit a toe region prior to the linear
portion of the stress-strain curve, where deformation of the tissue is high and force
is low. Nevertheless, the slope of the linear portion of the stress-strain curve
(Young’s Modulus, E), is a good measure of rigidity for a solid (non-porous) material.
While most tissues as well as the synthetic materials used in cell culture exhibit
viscoelastic behavior[99], the deformations that result from cell spreading and
locomotion are small (<100 nm)[63], and can thus be assumed to be purely elastic.
Furthermore, since most synthetic materials used for cell culture are isotropic, the
Young’s Modulus (E), or tensile modulus obtained from static force displacement
testing is an appropriate parameter in defining the mechanical properties of these

materials. Young’s modulus is given by

E=

g (1.1)
&
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where o is defined as the tensile stress and ¢ is defined as the tensile strain. In
order for Young’'s modulus to be an applicable measure of material stiffness, the
polymer network must undergo affine deformation; that is, any macroscopic
deformation resulting from an externally applied force must be translated uniformly
to the microscopic level. Theories of rubber elasticity are derived under this
assumption [100], as such theoretically calculated values for an affine polymeric
material should agree with measured values. A theoretical elastic modulus value
can then be calculated from a swelling experiment using rubber elasticity concepts

and the Flory-Rehner equation [100]:
1
2 3.V
—[In(1-v,) +v, + xv;] =Vln[v§ —?], (1.2)

where v; is defined as the volume fraction of polymer in the swollen mass, V; is the
molar volume of the solvent, 1 is the Flory Chi parameter for interaction between
the polymer and solvent, and n is a function of the molecular weight between
crosslinks. The elastic modulus, E, is then defined as

E =3nRT (1.3)

[100], where R is the universal gas constant and T is the temperature.

It is also important to consider network mesh size when defining the physical
properties of a cell culture material to ensure that the macromechanical properties
measured during tensile testing are an appropriate estimate of the cell environment.
In other words, if mesh size is significantly smaller than cell size, it is reasonable to
assume that the cell is deforming the network and not its individual fibers. The

mesh size of a polymer network, x; can be calculated if the molecular weight
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between cross-links, M. is known. M. can be calculated from swelling data and the

Flory Rehner equation using [100]

M =P (1.4)

c

Mesh size is then given by [100]

. 2M6) ) (1.5)

X, = 2.24(1/2 3

where all other variables are defined as above and M; is the molecular weight of the
polymer repeat unit.

While tensile testing is a valuable tool in determining the modulus of cell
culture materials, the length scale of the cell has led some researchers to argue that
nanoindentation may be a more appropriate technique for measuring the
micromechanical properties of materials that the cell interacts with [101].
Indentation techniques are primarily a test of hardness, with hardness (H) being
defined as the ratio of load (P) to the indentation area (4). Since indenter geometry
is known, nanoindentation yields a load-displacement curve, where the slope of the
unloading phase is defined as the stiffness, S, of the material from which Young’s
modulus can be calculated. Indentation techniques thus provide an alternative way
of measuring the mechanical properties of the cell microenvironment, especially in
cases where the cell resides within a 3D matrix, and the properties of the whole
scaffold or tissue may differ from that of the bulk material. While a modulus value is
sufficient for characterizing the linear elastic behavior of a non-porous material,
characterizing porous scaffolds is somewhat more complex, as the mechanical

properties of the scaffold differ from those of the bulk polymer it is made of. Since
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scaffold pores in vitro are not collapsed, contributions of pore extension and
compression are negligible [102]. Additionally, cell culture media is aqueous and, as
such, has a low viscosity, making shear contributions of fluid flow negligible. Lastly,
if the material is isotropic, it can be assumed that all pores deform and fail by the
same mechanism, omitting any contributions to mechanical properties from specific
pore geometry. Thus, porous in vitro scaffolds can be modeled as an array or cubic
pores with length I [103]. Young’s modulus of the scaffold can then be calculated
from the linear-elastic deflection of the pore wall of length / under a force F at its
midpoint. This results in a deflection, §, proportional to the Young’s modulus for the
(nonporous) material of the pore wall, Es. Using standard beam theory [104], Es can
then be related to the modulus of the whole foam, E*, by the following equation

[103]:

. £\2
E—=("—) (12)
E;, \p,
where p" and ps are defined as the densities of the scaffold and nonporous polymer,
respectively. Thus, equation 1.2 provides a relationship between the elastic
modulus for the material (measured with tensile testing) and the elastic modulus for
the porous scaffold (measured in compression mode) and an alternative to
indentation techniques.

In addition to accurately mimicking the mechanical environment
experienced by cells in vivo, it is important to consider the role of matrix proteins in

cell behavior. Fibronectin (Fn) in particular has been implicated in the pathogenesis

of breast cancer. High serium Fn levels have long been known to correlate with
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poor patient prognosis [105] and the Fn in bone marrow is thought to interact with
cancer cells in bone metastatic lesions [106]. More recently, Fn has been implicated
in survival protection of breast cancer cells within the human bone marrow [107].
Furthermore, inhibition of integrin awf3, a receptor to Fn, has been shown to
ameliorate progression of various cancers, including the prevention of bone
metastases in preclinical animal models [40-42, 108-110]. Thus, Fn is a viable and
appropriate ECM protein for use with in vitro substrates in the study of bone
metastases. However, adsorption of a matrix protein to a substrate introduces the
question of whether the protein layer alters the rigidity of the underlying matrix
sensed by the cells. Atomic force microscopy (AFM) studies of integrin-Fn bonds
have demonstrated that cells can sense mechanical changes at distances of up to
150nm [63]. Considering that adsorbed Fn layers have a thickness of less than 1nm
[111, 112], cells are likely to maintain their ability to differentiate between rigid and
compliant matrices even in the presence of adsorbed protein. Furthermore, cells
also preferentially bind to rigid Fn coated substrates as opposed to compliant Fn
coated substrates, demonstrating the cells ability to differentiate between substrate
rigidity, even in the presence of a layer of matrix protein [63].

Thus, considering the complexity of biological tissue and the importance of
microenvironment architecture and rigidity on cell fate, it is important to both
accurately design scaffold architecture and choose the appropriate mechanical
testing technique when designing a synthetic substrate or scaffold to mimic native

tissue.
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Research Objective

The presence of bone metastases is associated with poor patient prognosis;
breast cancer survival rates drop from 93 to 27% after the tumor has metastasized
to bone[1], and current therapies only aim at slowing the rate of bone damage
(bisphosphonates) or have vast off-target cytotoxic effects (chemotherapy and
radiation). Thus there is a distinct clinical need for developing targeted bone
metastasis therapies, which requires understanding of the mechanisms involved in
the establishment and progression of bone metastatic disease.

There is a growing body of evidence to suggest that tissue rigidity influences
the behavior of cancer cells in soft tissue [13, 58, 59, 62, 70, 113-115], but the
differential rigidity of bone has to date been largely ignored within the context of
cancer. This work aims to elucidate the mechanisms by which bone rigidity
influences the metastatic potential and invasiveness of cancer through the use of 2D
and 3D in vitro culture techniques.

Chapter II focuses on invadopodia-mediated mechanisms of invasion in
primary breast tissue. This work was completed in collaboration with Drs. Alissa
Weaver and Aron Parekh and published in the Biophysical Journal in 2011. Chapters
III and IV discuss the role of mechanotransduction and bone matrix mechanical
properties in the formation of osteolytic breast metastases. The data discussed in
Chapter III can also be found in the November 2010 issue of PLoS One, while the
content of Chapters IV and V are the subject of upcoming publications that are in

preparation.
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CHAPTERII

SENSING AND MODULATION OF INVADOPODIA ACROSS A WIDE RANGE OF

RIGIDITIES

Introduction

Invasion by epithelial cancer cells across the basement membrane (BM) is
considered to be a critical rate-limiting step in cancer metastasis [1]. The BM is a
thin, dense extracellular matrix (ECM) composed of a highly ordered and
crosslinked type IV collagen network, along with laminin, nidogen/entactin, and
various proteoglycans and glycoproteins [2]. Once malignant cells penetrate this
barrier, they must navigate the adjacent stroma and enter the vasculature in order
for metastasis to occur.

ECM tensile properties (i.e., stiffness or rigidity) have been implicated in the
malignant transformation of the breast through activation of cellular
mechanotransduction signaling pathways [3]. This relationship is consistent with
findings from both mouse tumor [4, 5] and clinical [6, 7] studies that show a strong
correlation between tissue density and cancer development and invasiveness. On
the cellular level, our group has linked mechanosensing of rigid substrates in vitro to
the formation and activity of invadopodia, punctate, actin-rich structures with
associated cell-surface proteinases that degrade ECM and have been implicated in
cancer invasion and metastasis [8, 9]. While it is evident that the mechanical nature

of tumor-associated ECM can drive an invasive phenotype, the relevant rigidity
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range with respect to the BM and stroma is unclear.

A significant challenge that exists in the field is to recapitulate in vitro
physiologically relevant in vivo characteristics [10]. For example, although
biological hydrogels such as collagen and Matrigel are extremely useful to mimic the
stromal and BM environments, they lack many of the physical characteristics of in
vivo tissues [1, 11] that contribute to their mechanical properties. Specifically, both
pepsinized collagen gels and Matrigel are uncrosslinked, have very low elastic
moduli, and provide little barrier to cellular migration and invasion [11, 12].

Several recent studies have utilized processed [13, 14] and native [11, 12] biological
tissues as ex vivo organotypic models to recapitulate the in vivo ECM environment
experienced by invasive cells. Similarly, tissue “scaffolds” that are prepared from
naturally occurring ECMs for tissue engineering and clinical applications have
resulted in biological materials that have been thoroughly tested to ensure that they
maintain their in vivo physical and mechanical properties [15]. For example, urinary
bladder matrix (UBM), which has an intact BM with an adjacent fibrous stroma [16],
is well-characterized and readily handled for mechanical testing [17] and ex vivo
culturing [16].

Despite these tissue surrogates, regulation of behavior by tissue rigidity is
usually explored in vitro with artificial substrates that are easily synthesized and
manipulated to yield specific mechanical properties. One of the most common
approaches is to graft ECM molecules onto polyacrylamide (PAA) gels of different
rigidities. These hydrogels have been utilized to explore a host of biological

processes such as migration [18] and stem cell differentiation [19] since their
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mechanical properties are elastic and tunable and their optical properties allow for
favorable microscopic imaging. Using these substrates, we found that the number
and degradative ability of invadopodia increased when the rigidity was increased by
one order of magnitude, from E = 1 to 10 kPa [8]. Despite these findings, the PAA
gels are limited since they can be synthesized with elastic moduli that span just a
few orders of magnitude (typically ~0.1-30 kPa) [19, 20] in contrast to biological
tissues that have elastic moduli spanning up to nine orders of magnitude (0.1 kPa-
10 GPa) [21, 22]. Alternatively, rubber-like polymers such as polyurethane (PUR)
elastomers can be synthesized to reach much larger moduli values in the high MPa-
GParegion [23, 24].

In this study, we focused on defining how breast cancer cells respond to a
wide range of substrate rigidities and how that response corresponds to
physiological ECM microenvironments that might be encountered in a developing or
metastatic tumor. To determine the mechanical influence of relevant in vivo
environments, we utilized either intact UBM as our model of stroma, or a thin
delaminated version that has the majority of the stroma removed from the BM
(UBM-BM). We first characterized the physical and mechanical properties of UBM-
BM and compared them to UBM. Since both UBM-BM and UBM had much higher
elastic moduli than previously tested in our in vitro invadopodia study [8], we
developed synthetic invadopodia substrates (PAA and PUR) that span the kPa-GPa
rigidity range and determined the corresponding degradative capabilities of breast
cancer cells. Surprisingly, breast cancer cells can sense a wide range of rigidities, as

measured by ECM degradation and invadopodia formation, and further validated
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with the expression of several genes that were found to peak at either relatively low
or high moduli. Furthermore, there is an optimal peak of ECM degradation on the
30 kPa substrate, which is closer to the rigidity of the stroma than to the BM.
Consistent with rigidity playing a role in vivo, breast cancer cells formed
significantly more invadopodia when cultured on the stromal side of UBM-BM when
compared to those cultured on the BM side. Experiments repeated with 804G rat
bladder carcinoma cells on synthetic substrates and UBM-BM yielded similar

results, indicating a common response between cell types of different tissue origin.

Materials and Methods

UBM preparations

UBM and UBM-BM were kindly provided by Dr. Stephen Badylak (University
of Pittsburgh). UBM-BM is prepared from porcine bladders similarly to UBM [25],
except that the tissue is further mechanically delaminated close to the BM such that

the remaining tissue is extremely thin and appears translucent.

Immunohistochemistry (IHC)

Formalin-fixed, agar-coated samples were sectioned for either hematoxylin
and eosin staining (Richard Allan Scientific, Kalamazoo, MI) or immunostaining with
rabbit type IV collagen (Abcam, Cambridge, MA) or anti-laminin (Sigma, St. Louis,
MO) antibodies, and visualized with the Envision+ HRP/DAB system (Dako,

Carpinteria, CA) and Mayer’s hematoxylin.
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Electron microscopy (EM)

Samples were fixed in 2.5% glutaraldehyde, serially dehydrated, critical
point dried, and sputter coated with 60% gold and 40% palladium for visualization
with a Hitachi S4200 field emission scanning EM. Samples were either mounted
with double-sided tape onto stages or anchored onto CellCrown inserts (Scaffdex,
Finland). To visualize the type IV collagen network using a Philips CM-12
transmission EM, samples were salt extracted to remove non-collagenous molecules
from the BM [26], fixed in 2.5% glutaraldehyde, serially dehydrated, resin

embedded, sectioned and stained with 1% uranyl acetate and 1% lead citrate.

Dynamic mechanical analysis (DMA) and rheology

15x6.5 mm UBM or UBM-BM samples were mounted in a tension submersion
clamp of a TA Instruments Q800 DMA, allowed to equilibrate at room temperature
for 30 min, and stretched at a strain rate of 1%/min. Stress, defined as force divided
by the initial cross-sectional area (measured with calipers and given in Fig. 2.2B),
was plotted versus strain. T3000 and T900 PURs were tested at a rate of 3 N/min,
whereas T300 PURs were loaded at a rate of 5 mm/min using a 3-point bending
apparatus. Elastic moduli were determined by linear regression of the stress-strain
curves. Soft and hard PAAs were previously tested using rheometry [8], and the
rigid PAA was tested similarly. We previously showed that the ECM layers on the

synthetic substrates do not substantially alter their mechanical properties [8].
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Swelling
The swelling ratio was calculated as follows:

1, (Q_m) ol ey
pP

where v;1is the volume fraction, ry is the protein density assumed to be 1.27 g/cm3
for collagen, rs is the water density assumed to be 1 g/cm3, and Qm is the mass ratio
of water to protein. Protein fractions were calculated as the inverse of the swelling

ratio (i.e., volume fraction of protein).

AFM of UBM-BM stromal and BM surfaces

The modulus, E, is calculated with the following equation [1]:
4
3
Ftip = EE Rd” +E,, (2.2)

Fip is the force on the tip, E is the Young’s modulus, R is the tip radius, d is the
distance between the sample and the tip, and Faqn is the adhesive force between the
tip and the sample. Raw moduli values were plotted versus percentage of total area
within a sample. Scan parameters were: scan size 5 mm x 5 mm, peak force set point
1 nN, and maximum modulus 25 MPa. The AFM probe tips were silicon-nitride
cantilever (SNL) from Veeco, with spring constants between 0.07 - 0.1 N/m and

radii between 25 - 40 nm. Each tip was calibrated for spring constant and radius
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prior to sample measurements. Tissue samples were hydrated in PBS and held taut
during AFM scans in Cell Crown inserts, with the system inverted so that the tissue
was not resting on the bottom of the Petri dish during the scans. For modulus
determination, three independent samples of tissue were scanned and the weighted

average of the modulus for each area scanned was calculated as follows:

EW' (2.3)

where w; is the percent of times a modulus of value E; was observed. Adjacent
sections of each sample were taken, so that measurements could be made of both
stroma and BM sides of each sample. A total of three measurements per sample per

side were taken.

Invadopodia assay on synthetic substrates and tissue-derived scaffolds

Mechanically tunable substrates approximately 75 mm thick were made
from PAA hydrogels and PUR elastomers based on previously established methods
[18, 27]. Briefly, they were cast on activated glass coverslips of 35 mm MatTek
dishes and conjugated with 1% gelatin (crosslinked with 0.5% glutaraldehyde) and
FITC-labeled fibronectin [8, 28]. The rigid PAA was formed from 12% acrylamide
and 0.6% bis-acrylamide. PURs were prepared from lysine diisocyanate and
different equivalent weights of polyester polyalcohols synthesized from a glycerol

starter and a 70%/30% mixture of caprolactone/glycolide for the T3000 (3000 Da)
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and T900 (900 Da) PURs and 100% caprolactone for the T300 (300 Da) PUR [29].
PURs were soaked with 100 mg/ml poly-D-lysine at 37°C for 1 hour then coated as
described above. UBM-BM samples were secured in Cell Crown inserts until taut
but without significant strain (i.e., low strain). A low density (~3,000 cells/cm?) of

MCF10A CA1d cells were incubated on all substrates for 18 hours.

Immunofluorescence (IF)

To identify invadopodia, cells were fixed and stained with Alexa Fluor 546
phalloidin (Invitrogen) and 4F11 antibody (Upstate Biotechnology, Lake Placid, NY)
to respectively identify F-actin and cortactin. Fluorescent images were either
captured on a Nikon Eclipse TE2000-E microscope with a 40X Plan Fluor oil
immersion lens or on a Zeiss LSM 510 confocal microscope with a Plan Apo 63X oil
immersion lens, 0.2 pm Z-sections. For the synthetic substrates, areas of FITC-
Fibronectin degradation were thresholded and quantified with Metamorph software
based on loss of FITC-signal, and active and total invadopodia were manually

counted and cell size quantified as previously described [8].

Quantitative real-time PCR

To measure changes in gene expression, mRNA reverse transcription was
carried out using the SuperScript I1I kit (Invitrogen) per manufacturer’s
instructions. Briefly, total RNA was extracted using the RNeasy Mini Kit (Qiagen).
The SuperScript III First Strand Synthesis System for quantitative RT-PCR primed

with random hexamers was used to synthesize cDNA using between 1 and 5ug total
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RNA. In order to obtain enough RNA, invadopodia assays on the different synthetic
substrates were scaled up and performed in either 60 mm Petri dish lids or 12-well
plates for the PAAs and PURs, respectively, and seeded with ~15,000-50,000
cells/cm?. The expression of ADAMTS1, MMP1, LAMB1, and MMP14 was measured
by quantitative RT-PCR using validated TagMan primers with the 7300 Real-Time
PCR System (Applied Biosystems). Assays were performed in triplicate on the
RealPlex Machine (Eppendorf) under the following cycling conditions following a
10-minute incubation period at 95°C: 95°C for 15 seconds, 60°C for 60 seconds. The
expression of OPN was determined using SYBR green primers as described
previously [2]. Quantification was performed using the DDct method using 18S as

an internal control.

Statistics

Data were evaluated for normality with the Shapiro-Wilk or Kolmogorov-
Smirnov test. Data passing the normality test were analyzed by either a Student'’s t-
test or one-way ANOVA. Otherwise, they were analyzed by a Mann-Whitney or
Kruskal-Wallis test. If significance was determined within a group, a Tukey or
Tamhane post-hoc test was used for pairwise comparisons. p<0.05 was considered
statistically significant. All statistical analyses were performed with PASW Statistics

18 (SPSS, Chicago, IL).

39



Results
The goal of this study was to test how mechanical properties that correspond
to those found in tissues affect the formation and activity of cancer cell invadopodia.
To isolate rigidity effects but also relate them to relevant in vivo physical properties,
we used a combination of synthetic invadopodia substrates of tunable rigidity and

tissue-derived ECM scaffolds that model the BM and stromal environments.

Characterization of model BM and stromal matrices

To obtain the relevant rigidities of stroma and BM, we began by
characterizing the properties of the model ECM scaffold UBM and UBM-BM,
respectively. Our rationale for using bladder-derived scaffolds is based on the
presence of a large BM surface in bladder that can be isolated and used for both
mechanical testing and experimental studies. By contrast, it is not easily possible to
isolate the BM from ductal tissues such as breast for in vitro studies. UBM is a well-
characterized decellularized ECM scaffold that is predominately composed of
stromal connective tissue of the tunica propria underlying a thin BM layer [16];
thus we used it as a model of stroma. As a model of BM, we obtained UBM-BM,
which is created from the same precursor tissue as UBM but is further mechanically
delaminated to remove the majority of the connective tissue layer and leave a thin
layer of BM. To verify the presence and structural integrity of the BM in UBM-BM
due to this additional processing, we performed IHC staining and EM.

As opposed to the thick stromal layer in UBM (Fig. 2.1A, double-headed

arrow), UBM-BM contained a thin, supporting layer of connective tissue (Fig. 2.1B,
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double-headed arrow). On the top side, UBM-BM maintained a smooth and
contoured surface (Fig. 2.1B, asterisk) consistent with the BM ultrastructure as
observed in UBM [16]. Upon salt extraction, UBM-BM retained a filamentous
meshwork composed of 100-200 nm pores (Fig. 2.1C) as previously described for
BMs from a variety of tissues (26, 30). Dense positive IHC staining for both type IV
collagen (Fig. 2.1D) and laminin (Fig. 2.1E) was observed in a continuous pattern
localized to the luminal side that was also consistent with the presence of an intact

BM in UBM-BM.

(D) UBM-BM type IV collagen (E) UBM-BM laminin

Figure 2.1. Characterization of UBM-BM and UBM. As model BM and stromal matrices, we
characterized two ex vivo tissue scaffolds: UBM-BM and UBM. (A) SEM image (x180) of a UBM
cross-section revealed a thick stromal layer of connective tissue (double-headed arrow)
underlying a thin layer that includes the BM (bracket and inset image). (B) UBM-BM was created
by mechanically delaminating porcine bladders to a further extent than UBM to yield a very thin
layer of connective tissue (double-headed arrow) underlying the BM (asterisk) that was
equivalent to the top portion of UBM (bracket and inset image of (A)) as shown in a cross-
sectional SEM image (x8,000). (C) Upon salt extraction of noncollagenous components, TEM
imaging (x110,000) revealed that UBM-BM contained filaments (single-headed arrow) and 100-
200 nm diameter pores (double-headed arrow) consistent with the polygonal type IV collagen
network of a BM. The integrity of the BM of UBM-BM was confirmed histologically with
continuous positive staining for (D) type IV collagen and (E) laminin (between the arrows).
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UBM-BM is mechanically rigid

The mechanical properties of UBM-BM and UBM as BM and stroma models,
respectively, were first determined using dynamic mechanical analysis (DMA).
Since collagen is a well-known tensile load-bearing protein [5, 31] and UBM is a
fairly isotropic material [17], stress-strain data was generated by uniaxial tensile
mechanical loading. Although collagen-rich biological tissues exhibit complex
nonlinear viscoelastic behavior, their biomechanical response can be approximated
as pseudoelastic to yield repeatable stress-strain curves once preconditioned to
obtain a “steady state” mechanical response [31]. Previous work has shown that
ECM scaffolds do not necessarily require preconditioning to reach repeatable stress-
strain responses [32, 33]. In our preliminary experiments, successive loading cycles
did not yield significant shifts in the stress-strain curves; therefore, preconditioning
was assumed.

During mechanical loading, both UBM-BM and UBM exhibited strain
stiffening (Fig. 2.2A), a typical phenomenon observed for collagenous tissues that is
characterized by a transition from a compliant response at low strain (the “toe”
region of the curve representing low physiologic loading) to a stiffer response at
high strain (the “linear elastic” region of the curve representing high physiologic
loading). UBM-BM exhibited steeper toe and linear elastic regions of the stress-
strain curves indicating stiffer mechanical behavior than UBM that were verified
with linear regressions to determine the elastic moduli at both low and high strain
(Fig. 2.2B). For both scaffolds, the moduli were in the MPa range. The elastic

moduli for UBM-BM in the low and high strain regions were respectively 4.5- and
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6.4-fold larger than for UBM. UBM-BM experienced a higher degree of strain
stiffening with an increase in modulus from the toe to the linear elastic region by

8.6- versus 6.1-fold for UBM.

(A) linear elastic (B)
15 —— uBm UBM-BM
(high strain)
} UBM-BM Thickness (um) | 121.8 £ 15.8 27.8 + 3.3*
104
E,,. (MPa) 1.8+0.2 8.1+0.7

Stress (MPa)

5] oo, Epign (MPa) 109+21 | 700+3.3
(low
strain) } UBM Swelling Ratio 10.3+1.6 2.8+0.2*
01 L) 1 -
0 10 20 30 40 Protein 0.097 0.353
Fraction

Strain (%)

Figure 2.2. Stress-strain curves and elastic moduli for UBM-BM and UBM. (A) To determine
the elastic moduli of our BM and stromal models, we performed uniaxial tensile DMA of UBM-BM
and UBM. Both materials exhibited classic strain stiffening; however, UBM-BM exhibited steeper
slopes in both the low strain toe region and high strain linear elastic region indicating stiffer
mechanical behavior. One data point per % strain was reported for graphical representation. (B)
Low and high strain elastic moduli were calculated from the slopes of the toe and linear elastic
regions, respectively. Consistent with the UBM-BM being stiffer, this BM model had a smaller
swelling ratio and larger protein fraction. Data are presented as mean = SE, and * indicates
p<0.05 for UBM-BM versus UBM comparisons. n=4 for the thickness, Eiow, and Enign values, and
n~20 for the swelling ratios, respectively.

As a second method to quantitate the rigidity of the stroma and BM, we
performed AFM on the stromal and BM sides of UBM-BM (Fig 2.3). Of note, AFM
measurements are at the nm-um scale, which is similar to the subcellular-cellular
scale [21, 34]. Interestingly, although there was a range of BM moduli (Fig 2.3B), the
weighted average BM side modulus measured by AFM was ~3 MPa (Fig 2.3C), which
is similar to moduli measured for retinal BM by AFM [35, 36] and >2-fold lower than

the modulus measured by DMA tensile testing. The stromal side weighted average

43



modulus measured by AFM was ~0.4 MPa (Fig 2.3C), which was also lower than that
measured by tensile testing (Fig. 2.2B). Similar to the DMA test results, however,
the stromal side average elastic modulus was 7.5-fold lower than that of the BM side

average modulus.

Stromal Side Low E BM Side

Figure 2.3. Atomic Force Microscopy measurements of the stromal and BM sides of UBM-
BM. To determine whether rigidity differences between the stroma and BM were conserved at
the nano-microscale on each side of UBM-BM, (A) the stromal and BM sides of UBM-BM were
scanned to determine (B) the distribution of elastic moduli in a 5x5 pm sample area
(representative examples shown). (C) Weighted averages were calculated for each sample and
showed significantly larger elastic moduli for the BM side. Data are presented as mean = SE, and *
indicates p<0.05 for stromal versus BM side comparisons. n=9 total for each side from 3
independent UBM-BM specimens.

UBM-BM is highly crosslinked and dense

BM is thought to be a highly dense and crosslinked material. To indirectly
measure the degree of crosslinking in each material, we determined the swelling
ratio, Q, of UBM-BM and UBM. Q represents the ratio of wet to dry volume (or mass)
of a polymer network such as type I pepsinized collagen gels [37]. As expected,
UBM-BM had a significantly smaller Q than UBM (almost 4-fold smaller), indicating a

much more highly crosslinked network (Fig. 2.2B). This finding is consistent with
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the dynamic mechanical properties of these materials and with BM being the
predominant component of UBM-BM unlike the stromal-dominated UBM (Fig 2.1).
The inverse of Q yields the the protein fraction, nz, which is likewise 4-fold larger for

UBM-BM compared to UBM (Fig. 2.2B).

Development of invadopodia substrates that span eight orders of magnitude in rigidity

Since the elastic moduli of our model BM and stromal matrices, measured
either by DMA or AFM, were considerably larger than those of the PAA gels that
were previously tested for rigidity regulation of invadopodia [8], we developed
synthetic substrates for invadopodia testing that span a wider range of rigidity.
These substrates included 3 PAA and 3 PUR substrates of defined rigidity that were
polymerized in a thin layer on top of MatTek glass dishes and overlaid with 1%
gelatin/FITC-fibronectin . Since PAA is fairly elastic with a loss tangent much less
than 1 (estimated as ~0.2 from our previous rheometric measurements), the soft
(storage modulus G’'~360 Pa) and hard (G'~3,300 Pa) PAA gels [8] were assumed
incompressible and elastic such that the elastic modulus E=3G’ [3]. An additional
“rigid” PAA gel was synthesized using published protocols [38] and had a measured
storage modulus of G'=9,248 + 598 Pa. Therefore, the elastic moduli of the soft,
hard, and rigid PAA gels were calculated to be E = 1,071, 9,929, and 28,283 Pa,
respectively. In contrast, elastomeric PURs have larger moduli and were therefore
tested by uniaxial tensile loading (T3000 and T900 PURSs) or three-point bending
(T300 PUR) using DMA yielding moduli values of 3.07, 5.58, and 1,853 MPa,

respectively. Glass was used as the ceiling of the rigidity spectrum with a known
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modulus of 69 GPa [39]. The elastic moduli of these materials span eight orders of
magnitude (Fig. 2.4), include MPa rigidities, and were used as substrates for

invadopodia assays.

UBM UBM-BM
(low strain) (low strain)
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soft hard rigid T3000 T900 T300 glass
PAA PAA PAA PUR PUR PUR

Substrate

Figure 2.4. PAA, PUR, and glass substrates span eight orders of magnitude in rigidity. To
isolate the effects of rigidity on invadopodia activity and span the MPA range of our stromal and
BM model substrates, we synthesized PAA and PUR substrates with tunable rigidities. PAA elastic
moduli were based on measurements of the storage modulus using rheometry for soft, hard [8] or
rigid PAA. PUR elastic moduli were calculated by DMA mechanical testing. The glass elastic
modulus was reported from the literature [39]. Data are presented as mean * SE. Arrows
indicate the rigidity regions relevant to the UBM and UBM-BM scaffolds. All elastic moduli were
statistically significant from each other except between the T900 and T300 PUR substrates
(p=0.28) (significances not shown on graph). n=5 and 4 for rigid PAA and all PUR substrates,
respectively.
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ECM degradation as a function of rigidity exhibits a positively skewed distribution with
a maximum at 30 kPa

To assess regulation of invadopodia activity by substrate rigidity, CA1d
breast carcinoma cells were cultured overnight on the FITC-Fn/gelatin/synthetic
substrates, followed by fixation and immunostaining for the invadopodia markers
actin and cortactin (Fig 2.5) and quantitation of invadopodia-associated ECM
degradation and activity (Fig 2.6). As before [8], CAld cells degraded more ECM on
hard PAA (10 kPa) surfaces as compared to soft PAA (1 kPa) surfaces. Interestingly,
however, there was a peak of ECM degradation activity with the highest ECM
degradation/cell occurring on the rigid PAA (E=30 kPa) substrates, followed by the
hard PAA (E=10 kPa) substrates (Fig 2.6A). Contrary to expectation, there was
significantly less ECM degradation/cell on the more rigid PURs and glass substrates

(Fig 2.6A).
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Figure 2.5. Optimal peak of invadopodia-associated ECM degradation on 10 and 30 kPa
substrates. Culture of breast cancer cells on synthetic substrates gave a surprising peak of ECM
degradation activity on the hard and rigid PAA substrates, with reduced degradation at higher
rigidities. Representative wide-field immunofluorescence images of CA1d breast carcinoma cells
after overnight culture on each of the rigidity substrates. Active degrading invadopodia are

identified by colocalization of actin and cortactin-positive puncta with black degraded areas of the
1% gelatin/FITC fibronectin matrix (arrows).
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Figure 2.6. Quantification of invadopodia numbers and activity on synthetic substrates.
(A) Degradation area/cell peaked statistically on the rigid PAA substrates (i.e., significantly
different from all other substrates) with a median value of 6.68 um2. (B) Number of total
invadopodia/cell (actively degrading and non-degrading) peaked statistically on both the rigid
PAA (30 kPa) and T300 PUR (2 GPa) substrates with respective median values of 3 and 4. (C)
Number of invadopodia actively degrading ECM/cell (as identified by colocalization of actin and
cortactin over black areas only) peaked statistically only on the rigid PAA substrates with a
median value of 3. (D) Cell size were significant between some substrates but not between the
majority of comparisons (except glass which was significantly different than all other substrates
but the T900 PUR; significances not shown on graph). Data are presented as box and whisker
plots with solid lines indicating medians, whiskers representing 95% confidence intervals, and
dots representing outliers. For comparisons depicted on the graphs, * indicates p<0.05 as
described above for specific comparisons. For all statistical comparisons between groups, refer to
Supp Table 1. n~300-500 cells for each substrate, from 4-6 independent experiments.
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We observed a similar trend with bladder carcinoma cells in which degradation/cell
peaks in the kPa range but decreases in the GPa range (Fig 2.7). In addition,
quantification of the total invadopodia/cell gave two separate peaks, centered
around the rigid PAA (E=30 kPa) and the most rigid PUR (T300, E = 1.8 GPa) (Fig
2.6B). These data suggest that cells not only sense a much wider rigidity range than
previously thought [40, 41], but that rigidity affects two different contributing
processes to invadopodia activity: invadopodia formation and ECM degrading
capability. We also saw differences in gene expression across a wide range of
rigidities (Fig 2.8), consistent with cellular sensing of rigidity in both the kPa and the
MPa-GPa range. The number of degrading invadopodia/cell (Fig 2.6C) paralleled the
ECM degradation/cell curve (Fig 2.6A), with a major peak of degradation activity on
the rigid PAA (E=30 kPa) substrates. Cell size was not significantly altered and

could not account for the observed differences in invadopodia activity (Fig 2.6D).
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Figure 2.7. Quantification of invadopodia activity in 804G cells cultured on synthetic
invadopodia substrates. (A) Similar to the results with CA1d cells, degradation area per cell
peaked statistically on the hard PAA substrates (i.e., significantly different from the soft PAA and
glass). (B) Number of total invadopodia (actively degrading and non-degrading) per cell peaked
statistically on both the hard PAA (10 kPa) and the glass (69 GPa) (i.e., significantly different
from the soft PAA but not each other). (C) Number of actively degrading invadopodia per cell (as
identified by colocalization of actin and cortactin over black degraded areas only) were not
statistically different although values were small since 804G cells do not make as many
invadopodia/cell as CA1d cells. (D) Cell sizes on the soft PAA and glass were statistically
significant from each other but neither were significantly different from the hard PAA value.
Data were highly nonparametric and therefore presented as box and whisker plots with the
solid lines indicating the medians, whiskers representing the 95% confidence intervals, and dots
representing outliers. For comparisons depicted on the graphs, * indicates p<0.05 as described
above for specific comparisons. n=143, 126, and 170 cells for the soft PAA, hard PAA, and glass
substrates, respectively combined from 3 independent experiments.
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Figure 2.8. Gene expression in MCF10A CA1d breast carcinoma cells is regulated across a
wide rigidity range. Relative fold changes in mRNA levels of ADAMTS1 (ADAM metallopeptidase
with thrombospondin type 1 motif, 1) peaked on the more compliant PAAs (E=1-30 kPa) while
MMP1 (matrix metallopeptidase 1) levels peaked on the more rigid T900 PUR (E=6 MPa).
Significant differences were also found in expression levels between some of the PURs (E=6 MPa-
2GPa) and PAAs (E=1-30 kPa) for OPN (osteopontin) and LAMB1 (laminin, betal) as well
indicating the ability of these cells to respond to different orders of magnitude in rigidity. No
differences were found in the expression of MMP14 (matrix metallopeptidase 14) on any of the
substrates. Data were normalized to 18S expression and shown as fold changes compared to the
Soft PAA. Data are presented as mean # standard error, and * and ** indicates p<0.05 for pairwise
and group comparisons, respectively. Gene expression was measured in triplicate for each
experiment and overall for 3 independent experiments on the 4 substrates.
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Invadopodia formation is enhanced on the stromal side of UBM-BM versus the BM side.
Our data up to this point indicate that optimal invadopodia activity occurs in
cells somewhere between 10 kPa - 3 MPa (Figs 2.5, 2.6A). For comparison, the
mechanical analyses of stromal tissue give E=0.4 MPa (AFM) or 2 MPa (low strain
DMA) and of BM tissue gave E=3 MPa (AFM) or 8 MPa (low strain DMA), suggesting
that from the rigidity standpoint cells might have more invadopodia activity in
stromal tissue than on BM. To test this hypothesis, CA1d breast carcinoma cells
were seeded on either the BM or stromal side of UBM-BM overnight and fixed and
stained for actin and cortactin as markers of invadopodia (Fig 2.9A-D). Widefield
imaging was used for invadopodia quantification in CA1d cells (Fig 2.9A-B), while
confocal imaging confirmed colocalization of the markers within the invadopodia
structures and their formation on both surfaces (Fig. 2.9C-D). The vast majority of
cells exhibited at least one invadopodium, 88% and 93% on the BM and stromal
sides, respectively. Interestingly, cells seeded on the stromal side exhibited
significantly more invadopodia/cell than on the BM side (Fig 2.9E) and were also
larger in size (Fig 2.9F), suggesting that the softer substrate is indeed conducive to
formation of invadopodia. In addition, we tested 804G bladder carcinoma cells and
also found that more invadopodia/cell were formed on the stromal side than on the
BM side (Fig 2.10) and that the majority of cells formed at least one invadopodium
on the stromal and BM surfaces, 87% and 77%, respectively. The enhanced
formation of invadopodia on the softer stromal side of the UBM-BM is consistent

with an “optimal rigidity” regime in the 10 kPa-3MPa range identified in our
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synthetic substrate studies (Fig 2.6), although we cannot rule out other contributing

factors such as differences in ECM composition or topology.
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Figure 2.9. Invadopodia formation is enhanced on the stromal side of UBM-BM. To
determine whether the stroma or BM are more permissive for formation of invadopodia,
CA1d breast cancer cells were cultured overnight on the stromal or BM side of UBM-BM.
Invadopodia (arrows) were identified by colocalization of actin (red) and cortactin (blue) for
quantification on the (A) stroma or (B) BM using widefield fluorescence imaging and
confirmed with confocal imaging (C, D, z-stacks). The matrix surfaces were identified using
collagen autofluorescence (green). (E) Quantification of invadopodia formation on the
stromal and BM sides of UBM-BM reveals a statistically significant increase in the total
invadopodia/cell in cells cultured on the stroma. (F) Cell size was statistically greater on the
stroma as well. Data are presented as box and whisker plots with solid lines indicating
medians, whiskers representing 95% confidence intervals, and dots representing outliers. *
indicates p<0.05 for BM and stromal side comparisons. n~300 cells from 2 independent
experiments.
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Figure 2.10. Quantification of invadopodia numbers in 804G cells plated on stromal and
BM sides of UBM-BM. Invadopodia (arrows) were identified by colocalization of actin (red) and
cortactin (blue) for quantification on the (A) stroma and (B) BM using confocal and widefield
fluorescence imaging, respectively. (C) Quantitation of invadopodia formation by 804G bladder
carcinoma cells reveals a statistically significant increase (p<0.05) in the total invadopodia per
cell (based number of actin- and cortactin-double positive puncta) in cells cultured on the stromal
side of UBM-BM, as compared to the BM side. Data were highly nonparametric and are presented
as an area fill, and n=171 and 163 cells for the stromal and BM sides, respectively, from 2
independent experiments.
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Discussion

Mechanical signals are known to regulate a myriad of biological phenomena
including stem cell differentiation [19], cellular motility [18], tissue morphogenesis
[3,42], and invadopodia activity [8]. However, we and others have used a limited
range of substrate rigidity to test cellular responses, generally 0.1-30 kPa [3, 18, 19];
thus it is unclear what the rigidity “ceiling” is for mechanosensing. It is also unclear
how in vivo tissue rigidities correspond to in vitro cellular responses. In this study,
we sought to determine the optimal rigidity range that promotes ECM degradation
by invasive cancer cells and to connect our findings to tissue mechanics. Using both
bulk tensile testing and nanoindentation methods we characterized the mechanical
properties of both the stromal and BM components of urinary bladder-derived
tissue scaffolds and found that BM had a rigidity of 3-8 MPa at low strains and
stromal tissue was ~6-fold less rigid. Using synthetic substrates that span a wide
range of rigidities, we found that breast cancer cells optimally degrade ECM on the
~30 kPa substrates with lower activity on substrates of higher rigidity (3 MPa-69
GPa). Interestingly, there were two peaks of invadopodia formation, located around
~30 kPa and 1.8 GPa, suggesting separate regulation of invadopodia formation and
acquisition of proteolytic activity and indicating a very wide rigidity range that
elicits cellular responses. Gene expression data also support a wide range of rigidity
sensing by cells. Consistent with our synthetic substrate data, the stromal side of
the tissue scaffold UBM-BM supported better formation of invadopodia by breast
cancer cells than the BM side of UBM-BM. A similar trend was observed with

bladder carcinoma cells. Overall, our data suggest that the high rigidity of BM can
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serve as a restraining factor for invadopodia-associated ECM degradation and that
cells can sense differences in rigidity even in the MPa-GPa range.

Tissue rigidity has recently been implicated as a microenvironmental factor
that promotes the development and progression of breast cancers. In humans,
mammographically dense breast tissue is associated with the development of
invasive breast carcinomas [6, 7]. In mouse tumor studies, the accumulation and
crosslinking of stromal collagen fibers was shown to directly promote formation
and invasion of mammary tumors [4, 43]. Mechanotransduction signaling is
thought to be critical for all of these effects [3, 5, 42, 43]. With regard to the rigidity
of breast tissue, which represents a mixture of adipose, collagenous stromal, and
ductal epithelial components, various elastic moduli have been reported. Similar to
our tensile DMA data in which the elastic moduli were in the low MPa range for the
stromal-dominated UBM, tensile loading of breast tissue has yielded an apparent
peak elastic modulus of 2.2 MPa [44]. However, indentation testing by several
groups using 4-5 mm diameter tips has yielded much softer moduli, with a range of
167 Pa-30 kPa for normal tissue and 10-90 kPa for carcinomatous tissue [3, 45-47].
Using AFM (25-40 nm tips), we obtained an intermediate average elastic modulus of
400 kPa for the stromal component of UBM-BM. These differences may be due to
the different modes of deformation, the percent strain that was tested, and
mechanical differences in bladder versus breast stroma. Our data do not resolve
these differences, nor can our tests indicate what cells feel in the heterogenous local
breast microenvironment; however, our data do indicate that the stroma is less rigid

than the BM. Furthermore, stromal tissue is much closer in rigidity to the optimal
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rigidity range for invadopodia activity as defined using uniform synthetic substrates
of tunable rigidity. While the length scale at which matrix rigidity is probed has a
significant effect on the measured mechanical properties of stromal tissue, testing
results for BM have been more consistent between nanoindentation versus
macroscopic testing methods. Both techniques yield elastic moduli in the 1-20 MPa
range [35, 36, 48], likely because the tissue properties do not change greatly across
the nano-, micro-, and macroscale due to the high degree of crosslinking, small pore
size and uniformity of the matrix composition [1, 2].

This study used two different experimental systems to compare the effect of
rigidity on invadopodia formation: native tissue scaffolds and synthetic substrates.
The synthetic substrate data is much more controlled, because of the ability to tune
rigidity without changing other parameters. However, both the mechanical testing
and invadopodia experiments with the tissue scaffolds gives context to our findings
with the synthetic substrates. Based on elastic moduli measurements, the total
invadopodia numbers for breast and bladder cancer cells cultured on the BM and
stromal sides of UBM-BM fits the trend seen for the polymer substrates. Thus, more
invadopodia were formed on the stromal component, which is closer in elastic
modulus to the peak seen on the 30 kPa rigid PAA than is the BM substrate.
Correlating the invadopodia numbers to degradation, these results would suggest
that the stroma may be more conducive to degradation than the BM when
considering rigidity as the predominant factor. If we theoretically extrapolate on
this finding and consider the early events in invasion as the BM is broken down by

proteolysis at the primary tumor site, the BM will begin to weaken causing a
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decrease in elastic modulus and, according to our data, a shift to the left of the
degradation curve suggesting an increase in degradation. However, we must
emphasize that the topology and chemical components of the ECM will also have an
impact on cellular phenotype [49]. In addition, ECM degradation is not the only
factor that will affect invasion in a 3-dimensional matrix [50]. Nonetheless,
substrate stiffness has been shown to be more important in determining cell shape
than adhesive ligand density [51], implying that rigidity has an extremely strong
influence on cellular behavior. In addition, chemical components could synergize
with rigidity to limit invasiveness on BM substrates, e.g. the BM component
Laminin-332 was recently shown to limit invadopodia formation [52].

One of the most interesting findings of this study is that cells can apparently
sense a wide range of rigidity, from kPa to GPa. This conclusion is supported by
three major pieces of data. First, we find a peak of invadopodia-associated ECM
degradation activity at ~30 kPa, with reduction in activity at higher rigidities. More
convincingly, there are two significant peaks of total invadopodia formation
associated with substrate rigidity, one at ~30 kPa and the other at 1.8 GPa. Finally,
we find regulation of gene expression across this same range (kPa-GPa). Thus,
although above a certain rigidity (e.g. 100 kPa) cells are thought to be performing
isometric exercise [40, 41] and might not feel differences from contraction, our data
indicate that cells can sense rigidity differences even on highly rigid substrates.
Since some physiologic substrates, such as BM and bone, are in the MPa-GPa range
[35, 53, 54], it seems likely that mechanosensing across the full range could

appropriately regulate behavior. Consistent with that idea, a recent study using
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substrates with kPa-GPa moduli has shown that preosteoblastic cells differentially
sense and respond to moduli above 100 kPa by changing gene and protein
expression [55, 56]. Likewise, breast and other cancer cell types that metastasize to
bone may also experience low GPa rigidities, since calcified bone has an elastic
modulus reported to be 10-30 GPa by both nanoindentation and tensile testing
methods [21, 57]. We speculate that differential sensing between MPa and GPa
rigidities, combined with other contextual cues, might allow cells to distinguish
between BM and bone. Nonetheless, future studies should investigate whether
other cellular responses are altered in high rigidity regimes and how cell type of

origin affects rigidity sensing at different matrix elasticities.
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CHAPTERIII

MATRIX RIGIDITY INDUCES OSTEOLYTIC GENE EXPRESSION OF METASTATIC

BREAST CANCER CELLS

Introduction

Nearly 70% of breast cancer patients with advanced disease will develop
bone metastases that are commonly associated with pain, hypercalcemia, and
pathologic fracture [1]. Once established in bone, tumor cells begin to produce
factors that cause changes in normal bone remodeling. The best-described example
is the expression of parathyroid hormone-related protein (PTHrP), which is
expressed at higher levels in bone metastases from breast cancers than it is in
isolated primary tumors or soft tissue metastases [2,3]. In the bone
microenvironment, enhanced expression of PTHrP stimulates osteoclasts to resorb
bone [4]. As the bone is resorbed, the release of transforming growth factor beta
(TGF-B) from the bone matrix contributes to further increase PTHrP expression [5].
Thus, while TGF-f released from the bone matrix sustains the “vicious cycle” of bone
resorption in the later stages of bone disease, the environmental factors driving
tumor cells to express PTHrP in the early stages of development of metastatic bone
disease prior to bone resorption are unknown.

In addition to its osteolyic function in metastatic bone disease, PTHrP also
performs a number of normal physiological functions, including the regulation of

smooth muscle tone. Mechanically transduced signals have been shown to regulate
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PTHrP expression and secretion in a variety of smooth muscle beds [6]. Mechanical
distension of the abdominal aorta [7], the uterus, and the bladder [8] in rats
increased PTHrP expression by a factor of two or more. Because of the dramatically
(~10°) higher rigidity of mineralized bone tissue compared to breast tissue, tumor
cells are likely to generate higher cytoskeleton-dependent forces in the bone
microenvironment. Therefore, we hypothesized that the differential rigidity of the
bone microenvironment might influence PTHrP expression by tumor cells through
mechanically transduced signals.

Previous studies have shown that matrix rigidity regulates invasiveness at
the primary site [9,10]. When cells encounter a mechanically rigid matrix, integrins
become activated, which stimulates RhoGTPase-dependent actomyosin contractility.
However, while normal cells tune their contractility in response to matrix rigidity,
tumor cells exhibit altered tensional homeostasis, as evidenced by their higher
contractility and spreading relative to non-malignant mammary epithelial cells on
compliant matrices [11]. Inhibition of RhoGTPase signaling in tumor cells by
treating with Rho-associated kinase (ROCK) inhibitors reduces tumor cell
contractility and spreading [11]. Additionally, ROCK expression is higher in
metastatic human mammary tumors relative to non-metastatic tumors, and
inhibition of ROCK signaling decreases cell proliferation in vitro and metastasis to
bone in vivo [12].

To test our hypothesis that cytoskeleton-dependent forces regulate PTHrP
expression in tumor cells, we designed a 2D tumor cell mono-culture system.

Previous studies investigating the effects of matrix rigidity on cell migration,
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differentiation, and invasion have utilized in vitro cell culture on 2D model
substrates, such as Matrigel ™[13,14], crosslinked gelatin [15], and synthetic
hydrogels [16,17]. However, the applicability of these substrates to the bone
microenvironment is limited, due to the inability to achieve a sufficiently high elastic
modulus that is relevant to mineralized bone tissue. In this study, we prepared
polyacrylamide (PAA) hydrogels as a model for breast tissue and poly(ester
urethane) films [18,19] as a model for tissues ranging from the basement membrane
to bone. We measured changes in gene expression by metastatic tumor cells in
response to the rigidity of the substrate. In addition, we investigated the effects of
ROCK and TGF-f inhibition and stimulation using pharmacological agents and
genetically modified cells to identify the signaling pathways through which rigidity

regulates gene expression.

Materials and Methods

Materials

Materials synthesis. Methyl 2,6-diisocyanatohexane (lysine methyl ester
diisocyanate, LDI) was purchased from Kyowa Hakko USA (New York, NY). The
structures of these polyisocyanates are shown in Figure 3.1. Coscat 83, an
organobismuth urethane catalyst, was supplied by ChasChem, Inc. (Rutherford, NJ).
Stannous octoate, glycerol, poly(e-caprolactone) triol (300 Da), and e-caprolactone
were purchased from Aldrich (St. Louis, MO), and glycolide was purchased from
Polysciences (Warrington, PA). Glycerol was dried at 10 mm Hg for 3 hours at 80°C

and e-caprolactone was dried over anhydrous magnesium sulfate prior to use. All
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other materials were used as received. Two-component cast poly(ester urethane)s
were mixed using a Hauschild SpeedMixer™ DAC 150 FVZ-K (FlackTek Inc.,
Landrum, SC).

Cell culture. Dulbecco’s modification of Eagle’s medium (DMEM) and McCoy’s
5A were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was
purchased from Hyclone Laboratories (Logan, UT). Penicillin, streptomycin, L-
glutamine, trypsin, sodium pyruvate, essential and non-essential amino acids were
all acquired from Mediatech (Manassas, VA). MDA-MB-231, RWGT2 and MCF-7 cells
were purchased from ATCC (Manassas, VA). MDA-MB-231 and RWGT2 cells were
then selected for ability to metastasize to bone [20].

Antibodies, Primers and Reagents. The RNeasy™ mini kit was purchased from
Qiagen (Valencia, CA). Superscript III cDNA synthesis kits were purchased from
Invitrogen (Carlsbad, CA). qPCR primers for PTHrP, Gli2, TGF-f and 18S (TagMan)
were obtained from Applied Biosciences (Carlsbad, CA), while primers for OPN,
IL11, CXCR4, MMP9 and 18S (SYBR) were purchased from Operon (Huntsville, AL)
[21]. The PTHrP immunoradiometric assay was purchased from Diagnostic Systems
Labs (Brea, CA). Antibodies for phopho-myosin light chain 2 (Ser19, Ser19/Thr18)
and anti-Rabbit IgG were procured from Cell Signaling Technologies (Danvers, MA),
while pB-actin and Fibronectin antibodies came from Sigma (St. Louis, MO) and
Millipore (Billerica, MA), respectively. The ECL chemiluminescence kit was
purchased from Amersham (Piscataway, NJ) while the ABTS substrate kit was
produced by Vector Laboratories (Burlingame, CA). The mechanotransduction

inhibitors Blebbistatin and Y27632 were both procured from Sigma (St. Louis, MO).
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Methods

Synthesis of substrates for in vitro studies. Polyurethane (PUR) films and
polyacrylamide (PAA) hydrogels were synthesized to provide 2D substrates with
elastic moduli ranging from ~1kPa to > 1 GPa for in vitro studies of
mechanosensitivity. PUR substrates were synthesized by reactive liquid molding of
a lysine methyl ester diisocyanate (LDI) quasi-prepolymer, a poly(e-caprolactone-
co-glycolide) triol, and COSCAT 83 bismuth catalyst using published techniques.[18]
Briefly, the quasi-prepolymer was synthesized by charging poly(e-caprolactone)
(PCL, 300 g mol1) to a flask fitted with a reflux condenser and heated to 60°C in an
oil bath. Lysine diisocyanate methyl ester (LDI, Kyowa Hakko) was then charged, the
reactor immersed in an oil bath maintained at 90°C, and Coscat 83 was added while
stirring under dry argon. The reaction was allowed to proceed for three hours under
vacuum at 90°C, at which time the reactor was purged with dry argon and the quasi-
prepolymer was poured into a vessel stored at 4°C. Structure was verified by
nuclear magnetic resonance spectroscopy (NMR, Bruker, 300 MHz), molecular
weight was measured by GPC, and % free NCO was measured by titration.

Polyester triols ranging from 300 to 3000 g mol-! (100 - 1000 g eq'!) were
synthesized from a glycerol starter, 70% e-caprolactone and 30% glycolide
monomers, and stannous octoate catalyst as described previously.[22] Briefly, the
appropriate amounts of dried glycerol, dried e-caprolactone, glycolide, and stannous
octoate (0.1 wt-%) were mixed in a 100-ml flask and heated under an argon
atmosphere with mechanical stirring to 135°C. The mixture was allowed to react for

~30 h and subsequently removed from the oil bath. NMR was used to verify the

69



structure of the polyester triols, with deuterated dichloromethane (DCM) as a
solvent. The hydroxyl (OH) number was measured by titration (Metrohm 798 MPT
Titrino) according to ASTM D-4662-93 as described.[18] Substrates were
synthesized by mixing an appropriate amount of poly(e-caprolactone-co-glycolide)
triol with LDI quasi-prepolymer, and COSCAT 83 catalyst (Vertellus) for 20s in a
Hauschild SpeedMixer™ DAC 150 FVZ-K vortex mixer (FlackTek, Inc, Landrum, SC).
The targeted index (ratio of NCO to OH equivalents times 100) was 105. The
resultant mixture was poured into the wells of a tissue culture plate and allowed to
cure for 24h at 60°C. To facilitate cell adhesion and ensure that the surface
chemistry was constant for all substrates tested, fibronectin (Fn) was adsorbed to
the surface of the substrates by incubating them in a 4ug/mL solution of Fn in PBS
at 4°C overnight.

Polyacrylamide (PAA) hydrogels were synthesized by copolymerizing a 10%
solution of acrylamide and bis-acrylamide in water via free-radical polymerization
using a redox pair of initiators (tetramethyl ethylene diamine (TEMED) and 10%
ammonium persulphate (APS) in water). Additionally, acrylic acid N-
hydrosuccinimide (NHS) ester was copolymerized to the surface of the gels. The
NHS-acrylate layer was then allowed to react with a solution of Fn in HEPES. To
measure the surface concentration of Fn, coated substrates were incubated in a
solution of Fn antibody (1:1000) followed by incubation with a secondary HRP-
conjugated antibody. The relative amount of adsorbed antibody was then quantified
by reaction with 2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) and

subsequent optical density reading at 405nm. All PUR and PAA substrates were
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prepared at the same surface concentration of Fn that yielded an optical density of
0.12 absorbance units cm-2.

Dynamic mechanical properties of substrates. Tensile modulus and strength of
the PUR films were measured at 37°C for 3x15x1mm films using a TA Instruments
Q800 DMA (controlled force displacement ramp, 1 N min! to 18 N min1) [22].
Storage and loss moduli for the polyacrylamide gels under shear conditions were
measured using a TA Instruments AR-G2 Rheometer (TA Instruments, New Castle,
DE) at 37°C, using a 20-mm circular head as described previously.[15,23] Gels were
compressed between a heated Peltier plate and a 20-mm upper plate and subjected
to an oscillating (0.1 - 10 Hz) shear strain that was validated to be in the linear
range by strain sweep tests.

Swelling experiments and calculation of network mesh size. To determine the
mesh size of the polymer network, PUR substrates were swollen in dichloromethane
for 24h at room temperature, while PAA gels were swollen in water and
subsequently lyophilized to determine swelling ratios. The molecular weight

between crosslinks, M_ , was then determined with the Flory-Rehner equation[24],

I
_[ln(l - Vz) TtV + Xﬂ’;] =Vin Vzg - v?z]
(3.1)

where v, is the volume fraction of the polymer in the swollen mass, Y, is the Flory-
Huggins interaction parameter, V| is the molar volume of the solvent, and n
represents the number of active network chain segments per unit volume. The

molecular weight between crosslinks is then given by
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m =P (3.2)
n

c

where p is the density of the polymer network and n is the crosslink density (mol

cm3). Mesh size, x,, was then estimated by [25]

1
X, =2.241(v;3 /%J
r (3.3)

where M, is the molecular weight of the repeat unit and [/ is the carbon-carbon bond
length. Assuming the materials were perfectly elastic (Poisson’s ratio n = 0.5), the
elastic and shear moduli (E, G) are related to the crosslink density:
E =3nRT (3.4)
E=3G (3.5)
Cell culture. MDA-MB-231 and RWGT2 cells were maintained and cultured at
37°C under 5% CO2 in 1x DMEM plus 10% heat inactivated FBS and 1%
penicillin/streptomycin. MCF7 cells were maintained and cultured at 37°C under
5% COz in 1x McCoy’s 5A plus 10% heat inactivated FBS, and 1%
penicillin/streptomycinm L-glutamine, amino acids, non-essential amino acids and
sodium pyruvate each. Cells were harvested with trypsin from substrates after 24h
in culture for mRNA extraction (Qiagen RNeasy kit). Conditioned media was
collected after 48h in the presence of protease inhibitor for secreted protein
analysis. To image cell morphology as a function of substrate rigidity, cells stably
expressing GFP were cultured on 0.45kPa (D), 3.3MPa (E) and 1.7GPa (F) substrates

and visualized at 24 hours using phase contrast, GFP and DAPI.
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Quantitative real-time PCR. To measure changes in gene expression, mRNA
reverse transcription was carried out using the SuperScript III kit per
manufacturer’s instructions. Briefly, total RNA was extracted using the RNeasy Mini
Kit. The SuperScript III First Strand Synthesis System for quantitative RT-PCR
primed with random hexamers was used to synthesize cDNA using between 1 and
5ug total RNA. The expression of PTHrP, Gli2, and TGF-f was measured by
quantitative RT-PCR using validated TagMan primers with the 7300 Real-Time PCR
System (Applied Biosciences). Assays were performed in triplicate on the RealPlex
Machine (Eppendorf) under the following cycling conditions: 95°C for 15 seconds,
58°C for 30 seconds, and 68°C for 30 seconds. Quantification was performed using
the absolute quantitative for human cells method using 18S as an internal control.
The expression of osteopontin (OPN), interleukin 11 (IL-11), CXCR4, connective
tissue growth factor (CTGF), and matrix metalloproteinase- 9 (MMP-9) were
determined using SYBR green primers as described previously [21].

Immunoradiometric assays. PTHrP protein secretion was measured in
conditioned medium using a two-site immunoradiometric assay (IRMA) per
manufacturer’s instructions. All secreted protein values were normalized for cell
number.

TGF-p signaling assay. MDA-MB-231 cells were transiently transfected with
1ug 3TPLux, a TGF-B responsive reporter construct [26], using lipofectamine plus
(Invitrogen). pRLTK Renilla was cotransfected as a control reporter vector. After
24h in serum-free culture on substrates ranging from 1.7GPa to 0.45kPa, cells were

lysed in Passive Lysis Buffer (Promega) and the oxidation of luciferin was measured

73



using a luminometer (TD 20/20, Turner Designs) using a Dual Luciferase Assay Kit
(Promega) per manufacturer’s instructions.. Luciferase activity was then
normalized by the Renilla control.

Western Blotting. Cells cultured as described above were harvested into a
radio-immunoprecipitation assay lysis buffer containing a cocktail of protease
inhibitors (Roche, Basel, Switzerland). Equal protein concentrations were prepared
for loading with NuPAGE sample buffer (Invitrogen) and separated on a gradient
(4%-20%) SDS-PAGE gel (Biorad). After transferring to a PVDF, membranes were
blocked with 5% BSA in TBS containing 0.1% Tween-20 for 1h at room
temperature, followed by incubation with either phospho-myosin light chain 2
(Ser19) or phospho-myosin light chain 2 (Thr18/Ser19) (1:1000) antibodies
overnight at 4°C. After washing, membranes were blotted with anti-rabbit IgG
(1:5000), and bands were detected by enhanced chemiluminescence. Membranes
were then stripped and reprobed using an antibody for -actin (1:5000) as a loading
control.

Inhibition of mechanotransduction. Cells were plated as described above and
allowed to adhere for 4h, at which point they were treated with either Y27632
(20uM) or Blebbistatin (50uM). Cells were harvested 24h or 48h post-treatment for
mRNA and secreted protein and analyzed as described above. MDA-MB-231,
RWGT2 and MCF-7 cells were transfected with either cDNA encoding a dominant
active (A4) or dominant negative (KDA4) mutant of ROCK [27,28] (a generous gift of
Dr. Kazuyuki Itoh, Osaka Medical Center for Cancer and Cardiovascular Diseases,

Osaka, Japan) using lipofectamine plus (Invitrogen) per manufacturer’s instructions.
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Inhibition of ROCK in the presence of exogenous TGF-b. Cells were plated and
treated with either Y27632 or Blebbistatin as described previously. Cells were then
either co-treated with 5 ng/mL TGF-f or TGF-f vehicle (5% BSA-HCl) and harvested

for mRNA after 24h for qPCR analysis.

Results

Characterization of PUR and PAA substrates

The characterization of the substrates is summarized in Figure 3.1. As shown
in Figure 3.1A and B, the PUR films were crosslinked networks. The elastic modulus
of the films increased with decreasing equivalent weight, defined as the molecular
weight divided by the functionality (f = 3 for a triol). The mesh size of the PUR films
ranged from 8.7 - 24 nm, which is at least 2 orders of magnitude smaller than the
size of the cells. Therefore, the cells migrate on the surface since they cannot
penetrate the films. The mesh size of the PAA gels was 3.3 um, which is also smaller
than the size of the cells. As shown in Figure 3.1C, we obtained reasonable
agreement (within a factor of 2) between the measured modulus and that calculated
from the swelling experiments using eq (4). PUR substrates were coated with Fn by
adsorption, while Fn was grafted to PAA gels (Figure 3.1D). The concentration of Fn
on all surfaces was maintained at 0.12 absorbance units cm-2 by controlling the

concentration of Fn in the solution.
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Figure 3.1. Schematic of materials synthesis and characterization. (A) Synthesis of PUR

networks from an LDI quasi-prepolymer (red) and a poly(e-caprolactone-co-glycolide) triol

with molecular weight M, = 3w, where w is the equivalent weight (g eq1). (B) Experimental

values of the elastic modulus E of PUR networks as a function of equivalent weight w. (C)

Physical characteristics of polymer networks as calculated from rubber elasticity theory. En

and Gm represents measured elastic and shear moduli, v; is the fraction of polymer in the

swollen mass, M. is the calculated molecular weight between cross-links and E. and G are

the calculated elastic and shear moduli. (D) Schemes for providing a uniform surface

concentration of fibronectin (Fn) for polyurethane networks and polyacrylamide gels.
Bone-like mechanical properties stimulate expression of PTHrP

To investigate the effects of substrate modulus on gene expression of cancer

cells in vitro, we synthesized 2D substrates with tunable elastic moduli ranging from
0.45 kPa to 67 GPa for culture with several cell lines, namely MDA-MB-231
(osteolytic metastatic mammary adenocarcinoma), RWGT2 (osteolytic metastatic
lung squamous cell carcinoma), and MCF-7 (non-osteolytic ductal mammary
carcinoma). MDA-MB-231 and RWGT?2 cells showed 2.5-fold and 2-fold increases in
PTHrP mRNA expression respectively in response to substrates with moduli

exceeding 1 GPa compared to substrates with moduli < 100 kPa (Figure 3.2A and B).

In contrast, MCF-7 cells, which are known not to cause osteolytic lesions showed no
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difference in PTHrP expression in response to substrate stiffness (Figure 3.2C). The
effects of substrate modulus on PTHrP gene expression followed a sigmoid curve
that saturates between 1.7 and 67GPa, which overlaps with the elastic modulus of
bone. PTHrP secretion data measured by IRMA and changed similarly for all cell
lines (Figure 3.2A-C). Additionally, the morphology of MDA-MB-231 cells changed
with substrate rigidity (Figure 3.2D-F), where GFP (green) is expressed throughout
the cell and the DAPI (blue) stain binds to the DNA in the nucleus. Similar effects

were observed with RWGT?2 cells, and no effects were obtained with MCF7 cells.
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Figure 3.2. Expression and secretion of PTHrP by osteolytic, metastatic tumor
cells increases with increasing substrate modulus. PTHrP mRNA normalized by
18S as measured by qPCR and secreted PTHrP as measured by IRMA for (A) MDA-
MB-231 , (B) RWGTZ2, and (C) MCF-7 cells on substrates of increasing elastic
modulus. *# = p<.05; **##= p<.01; *** ###=p<.005 compared to 0.00045MPa value.
Changes in MCF-7 cells were not significant. (D) - (F) Morphology of MDA-MB-231
cells cultured on substrates of varying elastic modulus 4 hours post-attachment.
Nuclei were stained using DAPI (blue) and cells were visualized with both visible
light and GFP (green). Similar effects of the modulus on cell morphology were
observed for RWGT?2 cells, while no effects were observed for MCF-7 cells.
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Expression of Gli2, a transcription factor known to regulate PTHrP [4], also
showed a 5-fold increase on hard substrates in both MDA-MB-231 and RWGT2

(Figure 3.3) but not in MCF-7.
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Figure 3.3. Expression of Gli2Z and by MDA-MB-231 and RWGT2 cells increases with
increasing substrate modulus. Expression of GliZ mRNA normalized by 18S as measured by
gPCR for (A) MDA-MB-231 and (B) RWGT2 cells on substrates of varying elastic modulus. Gli2
signaling increased 25-fold as the modulus increased from 3.3 to 1700 MPa (data not shown). *,#
= p<.05; ** ##=p<.01; *** ###=p<.005 compared to 0.00045MPa value.
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To verify that these data were not the result of an overall down-regulation of
gene expression on soft substrates, several other factors of known importance in
bone metastases [29] were examined as summarized in Table 3.1. Expression of the
osteolytic factor IL-11 was relatively insensitive to substrate rigidity for all three
cell lines tested. Factors showing the most dramatic change in expression as a
function of rigidity include osteopontin (OPN) and MMP-9. Expression of OPN,
which is incidentally associated with primary site invasion, was 5 — 18 times higher
when MDA-MB-231 or RWGT?2 cells were seeded on soft substrates. Interestingly,
expression of OPN by MCF-7 cells was relatively independent of rigidity. Expression

of MMP-9 was 10 - 30 times higher on soft substrates for MDA-MB-231, but the
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effects of rigidity on MMP-9 expression observed for RWGT2 and MCF-7 cells were

substantially smaller.

Table 3.1. Expression of a selected panel of genes associated with osteolytic bone disease
as a function of substrate rigidity

MDA-MB-231 RWGT2 MCF-7

Gene 3.3 MPa 1700 MPa 3.3 MPa 1700 MPa 3.3 MPa 1700 MPa

IL-11 1.5 1.4 1.1 1.1 1.1 -1.1

OPN —18 —18 =) =P 14 -11
MMP-9 —32 -1 -13 —1.4 37 1.3
CXCR4 —2.0 1.1 14 1.7 24 13
CTGF 1.8 2.0 1.1 1.0 24 1.3

Substrate-mediated gene expression changes in bone-metastatic cancers are regulated
by ROCK-I

ROCK signaling regulates actomyosin contractility and cytoskeleton-
dependent forces by phosphorylating motor proteins, such as the regulatory MLC,
LIMK1/2 and MYPT1 (myosin-binding subunit of MLC) [12]. Thus, ROCK activation
leads to increased actomyosin contractility, which led us to question whether the
effects of substrate rigidity on PTHrP expression are mediated by ROCK. To
determine whether the observed changes in mechanotransduction were linked to
expression of osteoclastogenic factors, we first cultured MDA-MB-231 cells on soft
(3.3 MPa) and hard (1700 MPa) PUR substrates and measured ROCK activity after
24h by Western blotting. As shown in Figure 3.4A, cells seeded on more rigid
substrates expressed higher levels of phosphorylated MLC (pMLC), implying that

ROCK activity increased on more rigid substrates. To further test the hypothesis
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that modulus effects on PTHrP expression were mediated by ROCK, we
pharmacologically inhibited mechanotransduction in MDA-MB-231 and RWGT2

cells on 2GPa tissue culture polystyrene substrates with blebbistatin or the ROCK

inhibitor, Y27632.
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Figure 3.4. Mechanotransduction signals are regulated by values of the substrate modulus
in the MPa range. (A) Western blot analysis of myosin light chain phosphorylation shows higher
pMLC expression by MDA-MB-231 cells seeded on more rigid (1700 MPa) relative to softer (3.3
MPa) PUR substrates. (B) Pharmacological inhibition of actomyosin contractility (blebbistatin)
and ROCK (Y-27632) decreases PTHrP gene expression and protein secretion in MDA-MB-231
cells. Similar patterns were observed for RWGT2 cells (data not shown). The optimal doses of
blebbistatin and Y-27632 were identified to be 50 mM and 20 mM, respectively through dose-
response experiments (data not shown). (C) PTHrP is over-expressed and does not increase with
rigidity in MDA-MB-231 cells genetically modified to express a constitutively active form of ROCK
(MDA-D4 cells). Similarly, PTHrP expression does not increase with rigidity in MDA-MB-231 cells
genetically modified to express a dominant negative form of ROCK (MDA-KDA4 cells). MDA cells
transfected with a plasmid control (MDA-pc) show significant increases in PTHrP expression with
rigidity.
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Inhibition of actomyosin contractility by blebbistatin and inhibition of ROCK-I by Y-
27632 induced a significant decrease in PTHrP mRNA expression in both MDA-MB-
231 and RWGT2 cells (Figure 3.4B), suggesting that the upregulation of PTHrP on
rigid substrates is mediated by ROCK. Conversely, pharmacologically inhibiting
mechanotransduction with either blebbistatin or Y27632 resulted in an increase of
OPN mRNA expression in both MDA231 and RWGT2. Neither blebbistatin nor
Y27632 had an effect on IL-11 mRNA expression in either cell type. MDA-MB-231
cells were also genetically modified to produce constitutively active (MDA-A4) and
dominant negative (MDA-KDA4) forms of ROCK. As shown in Figure 3.4C,
expression of PTHrP by MDA-A4 cells seeded on 2GPa substrates was upregulated
relative to plasmid control (pc) cells and did not increase with increasing modulus.
Expression of PTHrP by MDA-KDA4 cells seeded on the same substrates was down-
regulated and did not increase with increasing substrate rigidity. Taken together,
the data in Figure 3.4 indicate that the effects of substrate modulus on PTHrP gene

expression are mediated by ROCK.

TGF-3 mediates the effects of substrate rigidity on Gli2 and PTHrP through ROCK
While Figure 3.4 shows that ROCK regulates PTHrP expression, TGF-f is also
known to stimulate PTHrP production [5]. Therefore, we investigated its role in
regulating the response of the tumor cells to rigidity. As shown in Figure 3.5A, MDA-
MB-231 cells transfected to express a dominant negative form of the TGF-§ Type Il
receptor (MDA-TBRIIDcyt cells) showed only a <1.6-fold increase in PTHrP

expression as substrate rigidity increased from 0.45 kPa to 1700 MPa. Similarly,
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MCF-7 cells, which do not express the TGF-f3 Type II receptor, also showed <1.1-fold
increase in PTHrP gene expression with substrate rigidity (Figure 3.5A). Thus, cells
that are non-responsive to TGF-f did not respond to substrate modulus.
Interestingly, intracellular TGF-p signaling, as measured by the 3TPLux assay,
increased with substrate rigidity, as shown in Figure 3.5B. This is at least in part

due to an increase in TGF-B1 expression by cells on more rigid substrates (Figure

3.50).
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Figure 3.5. TGF-B mediates the response of MDA-MB-231 cells to substrate rigidity. (A)
PTHrP gene expression increases significantly for MDA-MB-231 cells transfected with the plasmid
control (MDA-pc), while MDA-MB-231 cells transfected to express a dominant negative form of
the TGF-p Type Il receptor (MDA-TBRIIDcyt ) and MCF-7 cells that do not express the TGF-p3 Type
Il receptor show no increase in expression with rigidity. (B) TGF-f signaling was measured in
MDA-MB-231 cells transfected with the 3TP-Lux TGF-f reporter construct. This showed an
increase in TGF-B signaling when cells are grown on rigid substrates. (C) TGF-f1 mRNA
expression by MDA-MB-231 cells increased on more rigid substrates.

We next investigated whether blocking ROCK inhibits the effects of
exogenous TGF-f on the stimulation of Gli2 and PTHrP expression by treating cells
with TGF- and inhibiting mechanotransduction with blebbistatin (Figure 3.6A and
B) or Y27632 (Figure 3.6C and D). We found that blebbistatin blocked the ability of
TGF-B to stimulate Gli2 and PTHrP expression. Similar results were seen with
Y27632 treatments. Using a molecular approach, we treated the KDA4 cells with

TGF-B and found that TGF- could no longer stimulate Gli2 (Figure 3.6E) or PTHrP
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(Figure 3.6F), thus suggesting that ROCK is required for TGF-f to stimulate Gli2 and

PTHrP.
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Figure 3.6. Inhibition of mechanotransduction and ROCK suppresses PTHrP expression
induced by exogenous TGF-B. Treatment with blebbistatin inhibits expression of (A) Gli2 and
(B) PTHrP by MDA-MB-231 cells cultured on TCPS. Treatment with 5 ng/ml exogenous TGF-§3
increases PTHrP and Gli2 expression, and treatment with both TGF-f and blebbistatin reduces
expression to levels observed for blebbistatin alone. Similarly, treatment of MDA-MB-231 cells
with the ROCK inhibitor Y-27632 inhibits (C) Gli2 and (D) PTHrP expression. In the presence of
both exogenous TGF-p and Y-27632, both PTHrP and Gli2 expression are significantly reduced,
but PTHrP expression is only partially inhibited relative to treatment with Y-27632 alone.
Expression of (E) Gli2 and (F) PTHrP in MDA-MB-231 cells genetically modified to express a
dominant negative form of ROCK (MDA-MB-231 KDA4) is significantly lower than that measured
for plasmid control MDA-MB-231 cells. Treatment with exogenous TGF-f does not significantly
increase Gli2 or PTHrP expression in KDA4 cells.
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Discussion

How tumor cells respond to matrix rigidity is an area of increasing interest,
with several groups investigating how the increasing rigidity of soft tissue can alter
tumor cell behavior and gene expression. Mechanically transduced signals can
induce phenotypic transformation of cells by altering Rho-dependent actomyosin
contractility to regulate cellular outcomes, including motility and invasiveness [30],
tissue morphogenesis [31], invadopodia activity [32], and stem cell differentiation
[33]. While the invasiveness of cancer cells has been reported to increase with the
rigidity of the matrix for soft hydrogels [9,10,15,23], the range of substrate rigidity
used to investigate cellular responses was generally <100 kPa. A recent study has
shown that single cell populations (SCPs) derived from MDA-MB-231 cells exhibited
increased proliferation and migration when seeded on matrices with rigidities
corresponding to the native rigidities of the organs where metastasis was observed
[30]. Thus SCPs targeted specifically to bone proliferated faster and were more
invasive on rigid tissue culture polystyrene compared to soft PAA gels. However,
whether the differential rigidity of bone alters expression of osteolytic factors by
tumor cells has not been investigated. In this study, we show that not only do cells
respond with changed behavior when exposed to surfaces with rigidities
comparable to bone, but also that specific genes involved in tumor-induced bone
disease are upregulated. This is especially important in metastatic cancer, since
many cancers (such as those of the breast and lung) preferentially metastasize to

bone.
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Expression of the osteolytic factor PTHrP is more prevalent in bone versus
soft tissue metastases as observed in clinical populations [2,3]. We hypothesized
that the differential rigidity of the bone microenvironment induces tumor cells to
increase expression of osteolytic factors by altering Rho-dependent actomyosin
contractility. To test our hypothesis, we cultured tumor cells on 2D substrates with
rigidities ranging from that of breast tissue to mineralized bone. Considering that
tumor cell interactions with Fn are important for the development of secondary
tumors inside the bone marrow stroma [34], substrates were uniformly coated with
Fn to better simulate the bone microenvironment and control the surface chemistry.
When MDA-MB-231 or RWGT2 tumor cells were grown on rigid substrates (1.7 and
67 GPa) with moduli bracketing that of mineralized bone matrix (18.4 GPa) [35],
both Gli2Z and PTHrP expression were 2 - 4 times higher compared to soft PAA gels
(0.45 kPa). Gli2 and PTHrP expression did not increase for moduli above 1 GPa.
When cells were seeded on a soft PUR substrate with modulus (3.3 MPa)
approaching that of the basement membrane [36], PTHrP expression was
intermediate between the soft PAA and the rigid PUR substrates. Similar
observations have been reported for MC3T3-E1 pre-osteoblastic cells, which
showed higher expression of markers of osteoblast differentiation when cultured on
rigid TCPS (2GPa) compared to 424 and 14 kPa hydrogels [16]. A recent review has
reported that actomyosin appeared diffuse for cells cultured on soft gels, in contrast
to the stress fibers and strong focal adhesions that predominate when cells were
cultured on rigid (e.g., 30 — 100 kPa) gels or glass (67 GPa) [37]. Based on these

observations, it has been suggested that cells cultured on substrates having a
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modulus equal to or greater than that of stiff gels are in a state of isometric
contraction. However, our data show that tumor cells respond to substrate rigidity
in the MPa range. While other genes may also increase in addition to Gli2 and
PTHrP, we found minimal changes in many of the genes identified previously to be
associated with metastasis to bone [29]. Two genes that did change were OPN and
MMP-9, which were expressed at a greater amount on softer substrates. This is
consistent with clinical data correlating high expression of OPN in metastatic tumor
cells [38].

In addition to its role as the factor responsible for humoral hypercalcemia of
malignancy (HHM), PTHrP is also expressed by a variety of normal fetal and adult
cells, including keratinocytes, mammary epithelial cells, renal tubular epithelial
cells, chondrocytes, osteoblasts, and smooth muscle cells [6]. Mechanical stretch
induces PTHrP gene expression and protein production in a variety of smooth
muscle beds [6], including the abdominal aorta [7], uterus [39,40], and bladder [8].
In addition, mechanical distension of breast tissue caused by suckling induces a
rapid and transient response in PTHrP mRNA expression and protein concentration
in lactating mammary tissue in rats [41]. While mechanically induced PTHrP
signaling has been shown for normal cells, these effects have not been previously
reported for metastatic tumor cells.

When cells encounter a mechanically rigid matrix, integrins become
activated, which stimulates RhoGTPas-dependent actomyosin contractility [11].
Thus cells exert actomyosin contractility and cytoskeleton-dependent forces in

response to matrix rigidity cues. Inhibition of RhoGTPase signaling in tumor cells by
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treating with ROCK or myosin 2 inhibitors reduces tumor cell contractility and
spreading [11], as well as invadopodia-associated extracellular matrix degradation
[15]. Similarly, in this study we observed that expression of phosphorylated myosin
light chain (pMLC), which is regulated by ROCK, is increased on rigid substrates.
Furthermore, inhibition of tumor cell actomyosin contractility in both
pharmacological and genetic models decreased Gli2 and PTHrP expression. A recent
study has suggested that increased ROCK signaling contributes to breast cancer
metastasis [12]. ROCK expression is increased in metastatic human mammary
tumors and breast cancer cell lines, and inhibition of ROCK signaling reduces tumor
cell metastasis to bone in vivo. Taken together, these observations suggest that
inhibiting ROCK or the pathway it stimulates may be an effective approach for
treatment of breast cancer metastases in the clinic. Since ROCK is ubiquitously
expressed in many tissues and is required for normal mechanotransduction
responses in cells, global inhibition in patients may not be an ideal clinical approach.
However, the ROCK inhibitors fasudil and Y-27632 have been used successfully in
preclinical models of pulmonary and cardiac disease, and a few clinical studies have
shown that fasudil is a safe and effective treatment for patients with severe
pulmonary hypertension [42].

Mechanical signals induced by substrate rigidity regulate the expression of
Gli2 and PTHrP though ROCK. Our observation that the expression of Gli2 by tumor
cells is regulated by matrix rigidity is consistent with previous studies suggesting
that Hh genes are regulated during development by mechanically transduced signals

[43,44]. While ROCK is ubiquitously expressed in many tissues and cells in the body,
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the postnatal expression of Gli2 is primarily restricted to the growth plate [45] and
hair follicle [46,47]. Thus Gli2 may be a potentially more useful target than ROCK for
treating bone metastases in the clinic. Preclinical studies have indicated that
inhibiting Gli2 activity reduces PTHrP expression and osteolysis [48].

Interestingly, substrate rigidity activates ROCK through a TGF--dependent
mechanism. As shown in Figure 3.6, blocking ROCK either pharmacologically or
genetically inhibits most of the incremental PTHrP expression resulting from
treatment with exogenous TGF-f. In addition, TGF-f signaling increases with
substrate rigidity, which has also been reported for myofibroblasts cultured on
relatively rigid (>10 kPa) hydrogels, where cell-generated forces deform the TGF-f
latent complex resulting in release of soluble TGF-f3 [49,50]. However, in the present
study, the expression of TGF-B1 (but not 2 or (3) also increased with rigidity,
suggesting a pivotal role for autocrine TGF-f signaling in this response. This
observation is in agreement with previous studies reporting that mechanical stretch
or laminar shear stress increases TGF-f3 expression and production in endothelial
[51,52] and activated hepatic stellate (HSCs) cells [53]. A mechanotransduction
pathway requiring autocrine TGF-f8 signaling was found to regulate expression of
perlecan in endothelial cells [51]. In another study, transfection of HSCs with a
dominant negative form of Rho inhibited the increased production of TGF-f induced
by mechanical stretch [53]. In the bone microenvironment, as osteoclasts resorb
host bone, TGF-f released from the bone matrix stimulates the tumor cells to
produce more PTHrP, leading to the vicious cycle of osteoclast-mediated bone

resorption associated with metastatic bone disease [5]. Our data show that the
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increased PTHrP expression induced by exogenous TGF-f in vitro is mediated by the
rigidity of the substrate on which the tumor cells are cultured. These observations
suggest a role for the differential rigidity of the mineralized bone microenvironment
in both the initiation and maintenance of the vicious cycle when osteolytic tumor
cells metastasize to bone.

While the interpretation of these experiments is somewhat limited by the use
of 2D surfaces, which are known to regulate migration and invasion of tumor cells in
ways that differ from 3D matrices [14], the 2D substrates enabled us to
independently investigate how rigidity influences gene expression over the 0.45 kPa
to 67 GPa range. A recent study has shown that MDA-MB-231 single cell clonal
populations proliferated faster on 2D substrates having mechanical properties
comparable to that of the organs where metastasis was observed [30]. Thus the
response to rigidity in various SCPs in 2D cell culture correlated with the tissue
tropism observed in vivo. In the present study, tumor cells changed their gene
expression patterns when encountering substrates having rigidities in the MPa to
GPa range, suggesting that the differential rigidity of the bone microenvironment
may contribute to the initial establishment and function of tumor cells in bone.
Although the modulus of the tissue that the cells are interacting with in the bone
microenvironment is not precisely known, mineralized bone tissue is orders of
magnitude more rigid than the primary site, and well within the range of the rigid
substrates used in this study. We are currently developing a 3D co-culture system in
vivo to capture more representative features of the bone microenvironment, such as

cellular migration and invasion in a 3D matrix and tumor-stromal cell interactions.
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Conclusions

In this study, we have shown that tumor cells respond to 2D substrates with
rigidities comparable to that of bone by increasing expression and secretion of the
osteolytic factor PTHrP. The cellular response is regulated by Rho-dependent
actomyosin contractility mediated by TGF-f signaling. Inhibition of ROCK using both
pharmacological and genetic models decreased PTHrP expression. Furthermore,
cells expressing a dominant negative form of the TGF-f receptor did not respond to
substrate rigidity, and inhibition of ROCK decreased PTHrP expression induced by
exogenous TGF-p. These observations suggest a role for the differential rigidity of
the mineralized bone microenvironment in early stages of tumor-induced osteolysis,
which is especially important in metastatic cancer since many cancers (such as

those of the breast and lung) preferentially metastasize to bone.
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CHAPTER IV

BONE MATRIX RIGIDITY STIMULATES SIGNALING THROUGH awf3, Src AND MAPK

TO INDUCE EXPRESSION OF PTHrP BY MDA-MB-231 CELLS

Introduction

Breast cancer is known to have a predilection for metastasizing to bone,
occurring in over 70% of patients with advanced disease [1]. Patients suffering
from bone metastases commonly present with pain, hypercalcemia and pathologic
fracture, and the current standard of care focuses primarily on relieving the
symptoms of tumor-induced bone disease rather than preventing establishment of
the tumor in bone. When tumor cells take hold in the bone microenvironment, they
increase expression of parathyroid hormone related protein (PTHrP) [2, 3], which
indirectly stimulates osteoclasts to resorb the bone matrix. The consequential
release of TGF-f from the bone matrix continues to drive the expression of PTHrP
[4, 5]. However, the mechanism behind the initiation of osteolytic gene expression
associated with tumor-induced bone disease is not well understood.

Cancer cells are known to respond to mechanical cues in soft tissue [6-8], and we
have recently demonstrated that the rigid mineralized bone matrix, which is six
orders of magnitude stiffer than soft tissue, is one of the factors driving initiation of
PTHrP expression via Rho kinase (ROCK) and TGF-BRII in osteolytic cancer cells [9].
Cells sense matrix rigidity by integrin adhesion sites [10], which results in the

activation of focal adhesion kinase (FAK) and Src family kinases (SFKs) to recruit
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downstream effectors of cytoskeletal tension such as RhoA and ROCK [11, 12].
Inhibition of ROCK blocks the ability of the cell to respond to mechanical stimuli [6]
as well as tumor metastasis to bone [13]. Similarly, inhibition of SFKs, which are
required to regulate integrin-cytoskeleton interactions for mechanotransduction,
also prevents metastasis to bone [14]. Active Src is known to co-localize with
integrins at focal adhesion sites [15], and the relocation of active Src to these focal
adhesions has been shown to be RhoA- and ROCK-dependent [15]. FAK is also
known to co-localize with integrins at focal adhesions, where its tyrosine
phosphorylation and activity are stimulated by integrin binding and thought to be
regulated by SFKs [15].

Cross-talk between integrins and growth factor receptors is of known
importance in predicting tumor malignancy and invasiveness [16]. TGF-f3 receptor
type II (TGFBRII) interacts physically with o3 integrin to enhance TGF-f-mediated
stimulation of MAP-kinases (MAPKs) and Smad2/3 mediated gene transcription in
mammary epithelial cells (MECs) during epithelial-mesenchymal transition
(EMT)[11]. TGFPBRII signaling is also implicated in osteoclastogenic gene expression
in breast cancer [17]. Integrin oyf3 in tumor cells regulates the early stages of
skeletal metastasis in both breast and prostate cancer, where it directly interacts
with fibronectin (Fn) in the bone matrix [18]. Furthermore, inhibition of ayf3 in
osteoclasts reduces bone loss in models of osteolytic skeletal metastases, where
awvP3 integrin is required by osteoclasts to resorb the bone matrix [19].

We hypothesize that the rigid mineralized bone matrix results in the increased

clustering of a.f3 integrin and TGFBRII to initiate signaling by SFKs, resulting in the
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expression of osteolytic genes in breast via ROCK. To test our hypothesis, we
designed hydrogel, polyurethane (PUR) and pyrex monoculture systems to mimic
the viscoelastic properties of breast tissue, the basement membrane, and
mineralized bone in vitro. We then measured changes in osteoclastogenic and
integrin gene expression in tumor cells in response to the rigidity of these
substrates. To better understand the relative contributions of Src and integrins in
the previously reported response of tumor cells to the rigid bone matrix [9], we also
employed pharmacological and genetic approaches to selectively stimulate Src and

inhibit known integrin associated effectors, such as RhoA/ROCK and TGF.

Materials and Methods

Synthesis of in vitro substrates

Biocompatible polyester polyurethane (PUR) substrates were synthesized and
characterized as described previously [9]. Briefly, an appropriate amount of poly( -
caprolactone-co-glycolide) triol (M, = 300 or 3000 Da) was mixed with an LDI
prepolymer and COSCAT 83 catalyst (Vertellus) for 20s in a Hauschild SpeedMixer™
DAC 150 FVZ-K vortex mixer (FlackTek, Inc, Landrum, SC). The targeted index
(ratio of NCO to OH equivalents times 100) was 105. The resultant mixture was
poured into the wells of a tissue culture plate and allowed to cure for 24h at 60°C.
Pyrex (67 GPa) was used as a hard tissue control. To facilitate cell adhesion and
ensure that the surface chemistry was constant for all substrates tested, fibronectin
(Fn) was adsorbed to the surface of the substrates by incubation in a 4 ug/mL

solution of Fn in PBS at 4°C overnight. Polyacrylamide (PAA) hydrogels were
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synthesized by copolymerizing a 10% solution of acrylamide and bis-acrylamide in
water via free-radical polymerization using a redox pair of initiators (tetramethyl
ethylene diamine (TEMED) and 10% ammonium persulphate (APS) in water) and

conjugated with Fn as described previously [9].

Fibronectin Characterization

To measure the surface concentration of Fn, coated substrates and scaffolds
were incubated in a solution of Fn antibody (1:1000) followed by incubation with a
secondary HRP-conjugated antibody. The relative amount of adsorbed antibody
was then quantified by reaction with 2'- azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) (ABTS) and subsequent optical density reading at 405nm. All PUR
and PAA and were prepared at the same surface concentration of Fn (1.9 ug cm-).

All 3D scaffolds were prepared at a surface concentration of 0.5 ug cm-2.

Cell lines

MDA-MB-231 cells were purchased from ATCC (Manassas, VA) and selected
for the ability to metastasize to bone [20]. MDA-MB-231 cells stably expressing
either a constitutively active (MDA-A4) or dominant negative (MDA-KDA4) form of
ROCK were transfected and maintained as described previously [9]. MDA-231 cells
stably expressing a dominant negative form of the TGFf type 2 receptor (MDA-

TPRRIIAcyt) were transfected and maintained as described previously [17].
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Cell Culture

Cells were maintained and cultured at 37°C under 5% CO2 in 1x DMEM plus
10% heat inactivated FBS and 1% penicillin/streptomycin. Cells were harvested
with trypsin from substrates after 24h in culture for mRNA extraction (Qiagen

RNeasy kit).

Quantitative real-time PCR

To measure changes in gene expression, mRNA reverse transcription was
carried out using the SuperScript III kit (Invitrogen) per manufacturer’s
instructions. Briefly, total RNA was extracted using the RNeasy Mini Kit (Qiagen).
The Superscript III First Strand Synthesis System for quantitative RT-PCR primed
with random hexamers was used to synthesize cDNA using between 1 and 5ug total
RNA. The expression of PTHrP, Gli2, integrin 3 and integrin s subunit was
measured in triplicate by quantitative RT-PCR using validated TagMan primers with
the 7300 Real-Time PCR System (Applied Biosciences) using the following cycling
conditions: 95°C for 15 seconds and 60°C for 1 minute, preceded by an initial
incubation period of 95°C for 10 minutes. Quantification was performed using the
absolute quantitative for human cells method using 18S as an internal control. The
expression of osteopontin (OPN), interleukin-11 (IL11, CXCR4, connective tissue
growth factor (CTGF), and matrix metalloproteinases 2 and 9 (MMP2 and MMP9)

was determined using SYBR green primers as described previously [21].
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siRNA transfections

MDA-MB-231 cells were transiently transfected with 5 uM of either ON-
TARGETplus SMARTpool siRNA for human integrin 3 subunit, cyclophilin B, or
non-targeting sequences (Dharmacon) using DharmaFECT4 (Dharmacon) according
to manufacturer’s instructions. Cells were harvested with trypsin after 24h for RNA

extraction and qPCR analysis.

Western Blotting and Immunoprecipitation

Cells cultured as described above were harvested into a radio-
immunoprecipitation assay lysis buffer or 1% Nonidet P-40 containing a cocktail of
protease inhibitors (Roche, Basel, Switzerland). Equal protein concentrations were
prepared for loading with NuPAGE sample buffer (Invitrogen) and separated on a
gradient (4%-20%) SDS-PAGE gel (Biorad). After transferring to a PVDF,
membranes were blocked with 5% BSA in TBS containing 0.1% Tween-20 for 1h at
room temperature, followed by incubation with either phospho-p38MAPK (1:1000,
Cell Signaling) or p38MAPK (1:1000, Cell Signaling) antibodies overnight at 4°C.
After washing, membranes were blotted with anti-rabbit or anti-mouse IgG
(1:5000), and bands were detected by enhanced chemiluminescence. Membranes
were then stripped and reprobed using an antibody for -actin (1:5000) as a loading
control. To investigate association of membrane proteins, 400ug total protein lysate
per tube was incubated overnight at 4°C under gentle end-over-end mixing with
anti-TGFPRII (1 nug, Santa Cruz). Subsequently, the immune complex was captured

with protein A/G agarose resin, thoroughly washed with lysis buffer and eluted with
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non-reducing sample buffer. Proteins were then separated on an SDS-PAGE gel
(7.5%, Biorad) and transferred to a PVDF membrane. Following blocking with 5%
milk, membranes were incubated with either anti-integrin 33 or 5 antibody (Santa
Cruz, 1:1000) at 4°C overnight. After washing, membranes were blotted with anti-
rabbit or anti-mouse IgG (1:5000), and bands were detected by enhanced

chemiluminescence.

Drug Treatments

Cells were treated with the Src-tyrosine kinase inhibitor PP2 (Calbiochem,
20uM) or the mAB clone LM609 against ayf3 integrin (Millipore, 10ug/mL) for 24
hours before harvesting with trypsin for mRNA extraction. To stimulate TGF-f
signaling, cells were treated with either 5 ng/mL TGF-p or TGF-f3 vehicle (5% BSA-
HCL) in serum-free media for 24 h prior to harvesting. To stimulate src
phosphorylation, cells were treated with Bombesin (Sigma, 20nm) for 24h before

harvesting with trypsin for mRNA extraction [22].

Results
Expression of PTHrP and Gli2 are mediated by integrin and Src-kinase activity
We previously reported that PTHrP and GliZ expression are regulated by
ROCK [9]. As ROCK is a known downstream effector of integrin signaling and a
phosphorylation target for Src [23, 24], we sought to determine the relationship
between PTHrP/Gli2Z expression and integrin signaling activity. We inhibited Src

kinases or avf3 integrin in MDA-MB-231 2D culture in vitro using either a small
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molecule inhibitor (PP2) or a monoclonal antibody (LM609), respectively. In
response to Src kinase inhibition, MDA-MB-231 cells showed a 3-fold decrease in
PTHrP expression (Fig 4.1A) and a 15-fold decrease in Gli2 expression (Fig 4.1C).
Likewise, ayf3 integrin inhibition produced a 3-fold decrease in PTHrP mRNA (Fig
4.1B) and a 24-fold decrease in Gli2Z mRNA (Fig 4.1D). Interestingly, knockdown of
B3 integrin subunit by siRNA did not alter expression of PTHrP or Gli2 (data not

shown), suggesting a compensatory mechanism for PTHrP expression.
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Figure 4.1. Src kinase and integrin a,f83 inhibition reduce expression of PTHrP and Gli2
in vitro A) Expression of PTHrP in MDA231 cells in response to Src inhibition with PP2 B) in

response to ayf3 inhibition with LM609 C) Gli2 expression in response to PP2 D) in response

to LM609. *= p<0.05; ** = p<0.01; *** = p<0.005 compared to vehicle control

To ensure that these changes in gene expression in response to PP2 or LM609
treatment were specific and not the result of an overall down-regulation, we

measured changes in a number of other factors of known importance in osteolytic
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metastases [21] in response to LM609 and PP2 treatment. Table 4.1 summarizes
the fold changes over vehicle control for these genes in MDA-MB-231 cells. We
found no significant changes in other genes in response to LM609 treatment, while
PP2 treatment resulted in a significant increase in only interleukin 11 (IL11)

expression and a decrease in connective tissue growth factor (CTGF) expression.

Table 4.1. Expression of a selected panel of osteolytic genes in response to Src kinase and
integrin a3 inhibition. Values are fold change over control with p<0.05.

Gene/Treatment LM609 PP2
OPN 1.5 1.5

IL11 -1.1 4.3
CXCR4 1.1 1.8
CTGF 1.1 -4.5
MMP9 1.3 1.1
MMP2 1.0 -1.3

[33 integrin expression and association with TGFBRII are regulated by rigidity

Since expression of PTHrP and Gli2 appear to be mediated by Src and owf33
integrin as well as substrate rigidity, we sought to determine whether integrin
expression or activity is regulated by the rigidity of the extracellular matrix. When
cultured on materials approximating the rigidity of bone, MDA-MB-231 cells showed
a 4.5-fold increase in mRNA expression of 33 integrin subunit as compared to cells
grown in a soft matrix (Fig 4.2A). It has previously been reported that Src
phosphorylates TGFBRII following clustering with 3 integrin subunit [11]; thus we
specifically examined clustering of membrane proteins by immunoprecipitation in
response to substrate rigidity. We found that TGFBRII readily bound to 3 integrin

subunit in MDA-MB-231 cells cultured on rigid, bone like substrates, but not on soft
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substrates approximating the elasticity of mammary tissue (Fig 4.2B). Surprisingly,
we did not observe a significant decrease in PTHrP expression in response to 3

siRNA knockdown (Fig 4.2C).
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Figure 4.2. Expression of integrin 83 subunit and its clustering to TGFBRII are a
function of rigidity. (A) MDA231 show increased expression of $3 subunit in response to
rigidity in vitro. (B) MDA-MB-231 cells show increased physical interaction between integrin
B3 subunit and TGFRRII when cultured on rigid matrices. Nonspecific binding to IgG showed
no differences in loading (C) knockout of 3 subunit does not significantly alter PTHrP
expression (D) knockout of B3 subunit increases expression of s mRNA *=p<0.05; ** =
p<0.01; *** = p<0.005 compared to control

Ps integrin subunit compensates for 3 integrin subunit during siRNA knockout

Since LM609 is known to inhibit both avf3 and oyfs integrin and reduces
PTHrP expression (Fig 4.1), we postulated that expression of 35 integrin subunit
compensates for B3 during siRNA knockdown to rescue PTHrP expression. We
examined mRNA expression by quantitative real-time PCR of s integrin subunit in
MDA-MB-231 cells transfected with siRNA against 3 integrin subunit, and found a
2-fold increase in Ps expression in response to (3 knockdown (Fig 4.2D).

Interestingly, this compensation is not through direct association of the s integrin
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subunit with TGFBRII, as the two showed no detectable binding by

immunoprecipitation (data not shown).

Exogenous TGFp stimulation of PTHrP and Gli2 are is Src kinase and a,f3 integrin
dependent

[t is well known that treatment with exogenous TGFf} stimulates expression
of PTHrP and its associated transcription factor, Gli2 [4]. To test whether this
stimulation was mediated by integrin activity, we selectively inhibited Src or af3 in
the presence of exogenous TGFf in MDA-MB-231 cells. While TGFf treatment
induced 6- and 4- fold increases in PTHrP and Gli2, respectively, it remained at basal
levels for PTHrP and was reduced 3-fold for Gli2 when co-treated with PP2 (Fig 4.3
A, C). Similarly, TGFf treatment was not able to rescue PTHrP or Gli2 expression in

MDA-MB-231 cells treated with LM609 (Fig 4.3 B, D).
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Figure 4.3. Src kinase and integrin ayf83; inhibition suppresses PTHrP expression by
exogenous TGF-f treatment. Treatment with PP2 inhibits expression of PTHrP (A) and Gli2 (B).
Treatment with 5ng/mL exogenous TGF-f increases expression of PTHrP and Gli2, but this
increase is prevented when cells are co-treated with PP2. Similarly, treatment with LM609
inhibits PTHrP (B) and Gli2 (D) and cannot be rescued by co-treatment of TGF-f3.
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Src induced osteoclastogenic gene expression is mediated by ROCK

We previously reported that ROCK mediates TGFpB-induced PTHrP
expression [9], and find here that Src induced 3 integrin activity is also essential for
TGFB-driven PTHrP expression (Fig 4.3). To test whether Src effects on PTHrP are
facilitated by ROCK, we stimulated Src kinase phosphorylation using Bombesin [22]
in MDA-MB-231 cells expressing a dominant negative form of ROCK (MDA-KDA4) or
the TGFp type Il receptor (MDA-TBRIIAcyt). While Bombesin treatment induced 17-
and 3-fold increases in PTHrP and Gli2 expression in MDA-MB-231 cells transfected
with an empty vector control, bombesin treatment did not stimulate expression of

either gene in MDA-KDA4 or MDA-TRRIIAcyt cells (Fig 4.4).
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Figure 4.4. ROCK and TGF@RII are required for Src stimulation of PTHrP and Gli2.
Treatment with 20nM Bombesin induced significant increases in PTHrP (A) and Gli (B)
expression in MDA-MB-231 cells transfected with an empty vector control (pcDNA).
Cells expressing a dominant negative form of ROCK (KDD4) or lacking the TGFf type 2
receptor (TGFBRIIDcyt) did not respond to bombesin treatment.*= p<0.05; ** = p<0.01;
*#* = p<0.005 compared to vehicle control
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Discussion

The rigidity of the extracellular matrix is of increasing interest in the
development of new and effective therapies to prevent metastasis, as rigidity has
been shown to stimulate Rho-mediated cell contractility to influence a number of
cellular outcomes, including motility, morphology and differentiation [24-34]. We
have recently demonstrated that Rho-mediated contractility in response to bone-
like mechanical properties also contributes to the expression of osteoclastogenic
factors in breast cancer, particularly PTHrP and its transcription factor Gli2 [9].
Prior to the generation of cytoskeletal tension, cells need to bind to a solid
substratum via integrin clusters, followed by the activation of Src and SFKs to
phosphorylate downstream effectors of cytoskeletal tension, such as Rho/ROCK
[24]. Integrin ovf3 and Src-mediated phophorylation of TGF@RII have been shown
to be of particular interest in breast cancer, where they are implicated in EMT [11],
and their inhibition reduces tumor burden and incidence in vivo [19, 35]. However,
the link between integrin and Src activity and Rho/ROCK dependent cytoskeletal
tension in response to substrate rigidity has not been investigated. In this study we
show that not only are expression of PTHrP and Gli2Z mediated by integrin binding
and Src activity, but that this activity is a function of matrix mechanical properties
that stimulate Rho-mediated contractility.

Src phosphorylation of TGFBRII in response to TGFBRII and a.f3 clustering is
known to activate MAPK signaling [11], an important upstream effector of PTHrP
[36]. Specific inhibitors to both Src tyrosine kinases and avf3 have shown promise

in preclinical studies, reducing both tumor burden and incidence in bone [19, 35].
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We show here that inhibition of both Src tyrosine kinases and integrin owf3
specifically reduce the expression of PTHrP and its transcription factor Gli2 by
MDA-MB-231 tumor cells. Breast cancer cells require expression of PTHrP to
recruit osteoclasts in order to resorb and establish themselves in bone, which
releases TGF-f from the bone matrix and serves to further stimulate PTHrP
expression by tumor cells [1, 37]. This process is often referred to as the “vicious
cycle” of cancer induced bone disease, and is one of the main challenges in the
effective treatment of osteolytic metastases. Our finding suggests that Src tyrosine
kinase and integrin a3 inhibition specifically function to interrupt the vicious cycle
and thus prevent the establishment of tumor cells in bone.

Interaction between TGFBRII and o33 has also been associated with EMT, a
process influenced by tissue rigidity [7, 8]. Previous studies, however, have focused
only on the effects of soft tissue (0(103 Pa)). Since we see that af33 integrin activity
is important in bone metastases, we wanted to determine whether the mineralized
tissue rigidity effects on osteoclastogenic gene expression we have observed [9].
We find that both expression 3 integrin subunit and its association with TGFBRII
increase on substrates with bone-like mechanical properties. These data imply that
breast cancer cells specifically change their expression of 3 integrin subunit in
response to bone-like mechanical properties.  Furthermore, the increased
association of 33 integrin subunit with TGFBRII suggests that bone-like mechanical
properties activate MAPK signaling in MDA-MB-231 cells [11]. Interestingly,
knockdown of (3 integrin subunit does not abrogate PTHrP expression, while

treatment with the antibody LM609 does reduce PTHrP expression. It is important
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to note that LM609 not only inhibits ayf33, but also owfs, suggesting a compensatory
mechanism between 3 and s subunit. Indeed, we find that in the absence of 3
integrin subunit, expression of s subunit is increased. However, the compensation
in PTHrP expression does not appear to be mediated by direct binding between fs
subunit and TGFBRII. Itis important to note at this point that Src-kinase activity has
been shown to facilitate signaling by ofs [38, 39]. Specifically, Src is known to
phosphorylate FAK, which is important in mechanotransduction [12], to facilitate
signaling through the FAK/owf35s complex [38]. As such, it is likely that the absence of
B3 integrin subunit induces a compensatory mechanism for PTHrP expression
through Bs subunit and Src, since our data indicate that Src kinase activity affects
PTHrP expression. Consequently, effective integrin inhibition therapies for the
prevention of bone metastases will likely benefit from cotreatment that also targets
downstream effectors such as Src.

Exogenous TGFp stimulation is known to stimulate PTHrP expression [17],
and this stimulation is facilitated in part by ROCK [9]. Since ROCK, Src and integrin
binding are all integral parts of the mechanotransduction response, we wanted to
determine whether Src and integrin o33 are also implicated in TGFf induced PTHrP
expression. We find that blocking signaling of Src and o33 prevents any significant
stimulation of PTHrP or Gli2 by TGFp, and that this action is facilitated by ROCK.
While TGFp signaling blockade has been proven effective in reducing bone
metastases in animal models [17], its clinical applications are limited due TGFp'’s
opposing effects on tumor cells at the primary and bone metastatic site. The action

of TGFp is pleiotropic and context dependent; it is generally agreed upon that during
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early tumor growth, TGFf signaling is tumor suppressive, while it furthers
malignant conversion and progression in later stage cancers [40-42]. This
pleiotropic action complicates the use of TGFp antagonists in the clinic, suggesting
blockade of Src or avf3 signaling may be a more effective clinical target for the

treatment and prevention of bone metastases.

Conclusions
In this study, we have shown that the rigidity of the bone matrix stimulates
expression of osteolytic factors in vitro through 3 integrin and Src activity.
Specifically, expression of B3 integrin subunit and its aggregation with TGFBRII,
which is known to activate MAPK signaling through Src phosphorylation [11], are
stimulated by substrate rigidity. Since MAPK signaling is known to influence PTHrP
expression[36], these data suggest that the rigidity of the bone matrix induces
PTHrP expression in tumor cells through promoting physical interaction between (33
integrin subunit and TGFBRII. Additionally, we have demonstrated that the integrin
signaling and Src kinase activity are required to induce expression of the
osteoclastogenic factor PTHrP and its transcription factor, GliZ, and that this process
is mediated by ROCK. Taken together, these data suggest that the rigidity of the
bone matrix is involved in in the establishment of osteolytic metastases by
stimulating intgrin mediated contractility. This is especially important in breast
cancer, as bone metastases are associated with poor patient prognosis.
Understanding the mechanisms involved in the establishment of these metastases

could ultimately lead to new targeted therapies to improve clinical outcomes.
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CHAPTERV

FUTURE DIRECTIONS IN THREE DIMENSIONAL CELL CULTURE

Introduction

In the past 10 years it has become increasingly evident that mechanisms of
cellular migration and mechanotransduction play a vital role in cell differentiation and
the progression of many diseases, including cancer[1-7]. While 2D in vitro culture is a
valuable tool in beginning to understand cell behavior, cells grow within a 3D matrix in
most physiological conditions, where they can experience matrix rigidities ranging from
103 - 1010 Pa [8]. Since both fibroblast and epithelial cell polarity, morphology and
migration differ when grown in 2D and 3D culture [9-11], it becomes important to
compare 2D and 3D in vitro models used to study cell-matrix interactions, especially in
cancer where abnormal polarity and cell architecture are associated with
carcinogenesis [12, 13]. We have previously succeeded in generating 2D in vitro culture
systems to study the effects of a wide range if substrate rigidities on invadopodia
formation [14], intracellular signaling and gene expression [15], implicating cellular
processes involved in polarity, morphology and migration. In light of the known
differences observed in these processes in 2D and 3D culture [9-11], we sought to
explore the influences of a 3D microenvironment on our findings of rigidity and cancer
invasiveness. To do so, we compared the gene expression of MDA-MB-231 cells
cultured on the 2D substrates described in chapter IIl to 3D substrates ranging in

rigidity from 25 kPa to 115 GPa.
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Materials and Methods

Materials Synthesis

To span a wide range of rigidities, we employed the use of hydrogels and
polyurethanes, as well as hydroxyapatite substrates as a hard tissue control. 3D
collagen hydrogels were prepared with the Chemicon 3D collagen gel culture system
per manufacturer’s instructions with the addition of fibronectin at an equal
concentration to that adsorbed to the hydroxyapatite and PUR scaffolds (see
Fibronectin Characterization, chapter III). Hydroxyapatite scaffolds were provided by
Interpore Cross. Methyl 2,6-diisocyanatohexane (lysine methyl ester diisocyanate, LDI)
was purchased from Kyowa Hakko USA (New York, NY). Coscat 83, an organobismuth
urethane catalyst, was supplied by ChasChem, Inc. (Rutherford, NJ). Stannous octoate,
glycerol, poly(e-caprolactone) triol (300 Da), and e-caprolactone were purchased from
Aldrich (St. Louis, MO), and glycolide was purchased from Polysciences (Warrington,
PA). Glycerol was dried at 10 mm Hg for 3 hours at 80°C and e-caprolactone was dried
over anhydrous magnesium sulfate prior to use. All other materials were used as
received.

Quasi-prepolymer was synthesized by charging poly(e-caprolactone) (PCL, 300 g
mol-1) to a flask fitted with a reflux condenser and heated to 60°C in an oil bath. Lysine
diisocyanate methyl ester (LDI, Kyowa Hakko) was then charged, the reactor immersed
in an oil bath maintained at 90°C, and Coscat 83 was added while stirring under dry
argon. The reaction was allowed to proceed for three hours under vacuum at 90°C, at
which time the reactor was purged with dry argon and the quasi-prepolymer was

poured into a vessel stored at 4°C. Structure was verified by nuclear magnetic
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resonance spectroscopy (NMR, Bruker, 300 MHz), molecular weight was measured by
GPC, and % free NCO was measured by titration.

Polyester triols ranging from 300 to 3000 g mol! (100 - 1000 g eq!) were
synthesized from a glycerol starter, 70% e-caprolactone and 30% glycolide monomers,
and stannous octoate catalyst as described previously [16]. Briefly, the appropriate
amounts of dried glycerol, dried e-caprolactone, glycolide, and stannous octoate (0.1
wt-%) were mixed in a 100-ml flask and heated under an argon atmosphere with
mechanical stirring to 135°C. The mixture was allowed to react for ~30 h and
subsequently removed from the oil bath. NMR was used to verify the structure of the
polyester triols, with deuterated dichloromethane (DCM) as a solvent. The hydroxyl
(OH) number was measured by titration (Metrohm 798 MPT Titrino) according to
ASTM D-4662-93 as described [17].

2D substrates were synthesized by mixing an appropriate amount of poly(e-
caprolactone-co-glycolide) triol with LDI quasi-prepolymer, and COSCAT 83 catalyst
(Vertellus) for 20s in a Hauschild SpeedMixer™ DAC 150 FVZ-K vortex mixer (FlackTek,
Inc, Landrum, SC). The targeted index (ratio of NCO to OH equivalents times 100) was
105. The resultant mixture was poured into the wells of a tissue culture plate and
allowed to cure for 24h at 60°C. To facilitate cell adhesion and ensure that the surface
chemistry was constant for all substrates tested, fibronectin (Fn) was adsorbed to the
surface of the substrates by incubating them in a 4ug/mL solution of Fn in PBS at 4°C
overnight.

3D PUR scaffolds were prepared by combining polyol, isocyanate and catalyst as

described above, with the addition of crystalline NaCl at a ratio of 8 parts salt to 1 part
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total polymer. The mixture was then poured into a Teflon mold and allowed to cure for
24h at 60°C, followed by porogen leaching in distilled water overnight. Scaffolds were
vacuum dried at 80°C overnight, followed by ethylene oxide sterilization prior to cell
culture. Structure and pore connectivity was verified by SEM. To facilitate cell
adhesion and ensure that the surface chemistry was constant for all scaffolds tested, Fn
was adsorbed to the scaffolds by incubating them in a 50 ug/mL solution of Fn in PBS at

40C overnight and coverage was detected by ELISA (described in chapter III).

Mechanical Properties of 3D Scaffolds and 2D Substrates

Tensile modulus and strength of the PUR films were measured at 37°C for
3x15x1mm films using a TA Instruments Q800 DMA (controlled force displacement
ramp, 1 N min! to 18 N min'1) [16]. Storage and loss moduli for the polyacrylamide
gels under shear conditions were measured using a TA Instruments AR-G2 Rheometer
(TA Instruments, New Castle, DE) at 37°C, using a 20-mm circular head as described
previously [1, 18]. Gels were compressed between a heated Peltier plate and a 20-mm
upper plate and subjected to an oscillating (0.1 - 10 Hz) shear strain that was validated
to be in the linear range by strain sweep tests.

Compression moduli of the PUR scaffolds were measured at 37°C for 4x4mm
disks using a TA Instruments Q800 DMA (controlled force displacement ramp, 1 N min-!
to 18 N min). This modulus is related to Young’s modulus of the bulk polymer Ej
analogous to the tensile modulus for the nonporous materials, by the following

equation [19]:
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where p* = scaffold density, ps = bulk polymer density, and the constant C; = 1 includes
the geometric constants of proportionality. For brittle materials, the bulk and scaffold
moduli were related by [19]

3
* * E
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£
where 0" is the stress in the scaffold at brittle collapse and of is the tensile stress at
failure of the bulk material. ot was determined by tensile testing (controlled force
displacement ramp, 1 N min-! to 18 N min!) and recording the stress at failure. The

elastic modulus of the brittle scaffold can then be calculated using

. 201
Y

(5.3)

where [ is the length of the beam, § is the deflection of the beam at failure and t is the

thickness of the beam as determined by 3-point bend testing.

Cell Culture

MDA-MB-231 cells were maintained and cultured at 37°C under 5% CO: in 1x
DMEM plus 10% heat inactivated FBS and 1% penicillin/streptomycin. PUR and HA
scaffolds were incubated in a solution of MDA-MB-231 cells (1x10° cells/mL) on a shaker
for 1h. Scaffolds were then transferred into a tissue culture plate and maintained at 37°C

under 5% CO2 in 1x DMEM plus 10% heat inactivated FBS and 1% penicillin/streptomycin.
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Cells were harvested with trypsin and centrifugation from scaffolds after 24h in culture for
mRNA extraction (Qiagen RNeasy kit). Cells were embedded in the 3D collagen gels by
addition of 10% by volume of a 3x10° cells/mL solution prior to polymerization. The gels
were then maintained for 24h at the conditions mentioned above. Cells were harvested by

incubating the gels in a solution of collagenase in PBS (1000 u/mL) for 30 min.

Quantitative Real Time PCR

To measure changes in gene expression, mRNA reverse transcription was carried
out using the SuperScript III kit per manufacturer’s instructions. Briefly, total RNA was
extracted using the RNeasy Mini Kit. The SuperScript III First Strand Synthesis System
for quantitative RT-PCR primed with random hexamers was used to synthesize cDNA
using between 1 and 5ug total RNA. The expression of PTHrP and Gli2 was measured by
quantitative RT-PCR using validated TagMan primers with the 7300 Real-Time PCR
System (Applied Biosciences). Assays were performed in triplicate on the RealPlex
Machine (Eppendorf) under the following cycling conditions: 95°C for 15 seconds, 58°C
for 30 seconds, and 68°C for 30 seconds. Quantification was performed using the

absolute quantitative for human cells method using 18S as an internal control.

Results
We observed similar increases in both PTHrP and Gli2 mRNA expression in
response to increased substrate and scaffold modulus in both 2D and 3D culture at
lower elastic moduli, suggesting that cells in the bone microenvironment experience

2D-like conditions on scaffolds up to 10° Pa (Fig 5.1 A-D).
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Figure 5.1. Expression of PTHrP and Gli2 by MDA-MB-231 cells in 2D and 3D
culture as a function of scaffold and bulk modulus. MDA-MB-231 cells showed
increased expression of PTHrP and Gli2 in both 2D and 3D culture. This effect
appeared to be enhanced when examining expression of PTHrP (A) and Gli2 (C) as a
function of scaffold modulus. Closer agreement, however, was revealed when
examining PTHrP (B) and Gli2 (D) expression as a function of bulk modulus.

We also examined the effects of rigidity in 3D as a function of bulk modulus.
Equations 5.1-3 define the relationship between Young’s modulus of the scaffold, E,
and that of the bulk polymer, E; A summary of comparisons between measured and

calculated scaffold and bulk moduli is given in table 5.1.

Table 5.1 Measured, calculated and bulk moduli for 3D PUR scaffolds

Modulus (MPa)/Material T3000 PCL300
E' (measured) 0.26 0.90
E* (calculated) 0.21 1.4
Es 3.3 1700
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Analysis of gene expression as a function of bulk modulus, which is analogous to
the tensile moduli measured for the 2D films, revealed a closer agreement of values for
lower moduli. This suggests that cells may be experiencing an environment similar to
that of a 2-dimensional surface in the pore of the 3D scaffold, and are able to deform the
softer materials in the x-y plane. This is to be expected, as cells are on the order of 10
um, whereas pore size in the 3D scaffold is approximately 350 um in diameter (Fig
5.2A). Furthermore, this situation is representative of the trabecular bone
microenvironment (a site for early metastases), where the trabecular network size
ranges from 75 to 500um (Fig 5.2B). Nevertheless, there remained a difference between
the hard control substrates, suggesting that at high rigidities, cell experience the 2D and

3D environment differently.

hto Jfbiodtean.cor:
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Figure 5.2. SEM images of salt-leached PUR scaffold and trabecular bone. PUR scaffolds
show interconnected pores and an average pore size of approximately 350 um (A). Scanning

electron micrographs of trabecular bone show similar average pore size, ranging from
approximately 75 to 500 um (B).

122



Discussion

While these data are compelling, they warrant further study into the effects of
2D and 3D culture with respect to cancer-induced bone destruction. While we have
demonstrated a clear rigidity mediated effect, the three dimensional spatial
organization of cancer cells in bone remains the subject of further study. Cell behavior
- from division through proliferation, migration and apoptosis-- is tightly regulated by
the cell’s spatial and temporal organization. With respect to cancer, cell polarity,
migration and proliferation—the hallmarks of abnormal morphogenesis -- are all
known to be dependent on 3D spatial organization[9-11]. Thus, physiologically
relevant in vitro synthetic replicates of tissues will need to be controlled for pore size,
architecture and surface chemical composition to account for mechanical cues, cell-
matrix communication and cell-cell interactions. As such, PUR scaffolds with
alternative pore geometries should be tested for synthetically replicating bone in vitro.
This could be achieved with either an alternative porogen (such as spherical paraffin
microbeads) or gas foaming, as described previously [16]. It is also important to note
that cells embedded within a hydrogel matrix likely differ in their spatial organization
and polarity than those seeded within a porous 3D scaffold such as the polyurethanes
and hydroxyapatite scaffolds described in this chapter. As such, the porosity of the
scaffold and tissue in question must be considered when designing biomimetic 3D in
vitro scaffolds. Cells in soft tissue are embedded within the extracellular matrix [14],
thus embedding cells within a hydrogel presents an appropriate simulation of this
native environment. Conversely, tumor cells in bone grow in the marrow cavity and fill

the trabecular space, and thus a porous scaffold approximating the porosity of bone,
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such as the PUR scaffolds described in this chapter, appropriately mimic this
environment. Interestingly, when examining PTHrP and GliZ expression as a function
of 3D scaffold modulus, we observe the most significant increases in gene expression
when drastically increasing scaffold modulus (1MPa for PCL300 to 115 GPa for HA,
Figure 5.1) and not when changing scaffold architecture (collagen, 0.002 MPa to T3000,
0.2MPa, Figure 5.1), suggesting that the rigidity of the scaffold is the primary influence
on expression of PTHrP and Gli2 by MDA231.

To promote native-tissue like properties in a synthetic scaffold, micron length
scales must be considered in its construction. The tissue type in question can direct
architecture of the scaffold; parallel fibers have been shown to promote peripheral
nerve reconstruction [20], while random non-woven networks aid in skin repair [21,
22]. Thus, indentation techniques may be considered for determining mechanical
properties on the length scale of the cell for the tissue of interest and associated
synthetic replicate. While this may appear to be a more appropriate technique for
measuring mechanical properties of a substrate given the length scale of the cell, it is
important to consider both the nature of the material itself as well as the mode of
deformation. Since many synthetic materials used in vitro are affine crosslinked
polymer networks and only experience small deformations, it can be assumed that
these deformations are distributed homogeneously throughout the material and strain
is constant on all length scales. As such, the bulk material properties are relevant to
determine forces experienced by the cell. When examining gene expression as a
function of scaffold modulus, we see early divergence between the 2D and 3D data

(Figure 5.1A, C). However, when these same 3D data are analyzed as a function of bulk
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modulus calculated from either equation 5.1 (for non-brittle polymers such as the
T3000) or equations 5.2 and 5.3 (for brittle materials such as hydroxyapatite and
PCL300), we see much closer agreement between the 2D and 3D curve (Figure 5.1 B, D).
Interestingly, there remained a significant increase for the extremely rigid
hydroxyapatite material (Figure 5.1 B, D). This could be indicative of either a
differential spike in PTHrP and Gli2 expression at extremely high rigidities or an effect
of the spatial organization of the cells within the pore of the scaffold. MDA-MB-231
cells have been shown to exhibit tissue tropism [23], with subclones that preferentially
metastasize to bone (such as the one employed in this work) proliferating more rapidly
on rigid matrices than on soft ones. This could result in increased proliferation of the
cancer cells within the hydroxyapatite scaffold as compared to the PUR scaffold,
resulting in cell packing and thus a differing spatial organization that could affect gene
expression. Nevertheless, further studies need to be performed to conclusively
determine the cause of the observed increase in PTHrP on the hydroxyapatite scaffolds.
Furthermore, design of accurate in vitro replicates of tissues must take into
consideration the organization of a cell within the native tissue. Depending on tissue
type, cells could be attached to a 2D surface within a 3D matrix, or be anchored on more
than two planes, which determines whether the scaffold or bulk modulus is relevant to
cell behavior. This distinction between E; and E™ is particularly interesting when
considering a single cell attached within the pore of a scaffold as opposed to a cell
attached to a 2-dimensional flat surface. While a cell generates contractile forces in the
x-y plane in 2D culture, it could potentially generate forces in all 3 dimensions when

embedded within a scaffold, depending on the size and shape of the pore. Additionally,
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pore walls are much thinner than 2D surfaces for cell culture, which affects the cell’s
ability to deform its surroundings. Thus, it is vital to consider length scales in the
design and characterization of any material used for studying cell behavior.

Ultimately, the goal is to recreate the structure of the native tissue completely,
taking into account tissue organization and mechanics. Irrespective of tissue type,
scaffolds must feature pore size, connectivity and geometry to allow for mass transport
and nutrient exchange, as well as control of macromechanical properties. Surface
concentration and distribution of adhesion-mitigating proteins (such as those
containing the RGD sequence) can also affect cell behavior. It has been demonstrated
that a minimum spacing of 440nm is required to facilitate cell attachment, and that a
further increase in surface concentration (<140nm spacing) promoted formation of
stress fibers and focal adhesions [24]. Thus, the in vitro model of the future should be
able to accurately modulate the surface concentration and distribution of tissue
relevant matrix proteins independent of bulk material composition.

Studies of tissue rigidity and architecture in disease progression will ideally lead
to preclinical models for the development of new therapies. While animal models are
the current standard for preclinical models, study of tissue mechanics on cell behavior
is complicated in native tissues due to different growth factors, cytokines, ECM proteins
and tissue architecture. It thus becomes desirable to create an artificial tissue-like
environment within the animal, where the biochemical makeup as well as the
architecture can be controlled. The polyurethane materials described in chapters II-IV
have shown in vivo biocompatibility [16, 25, 26], and 3D porous scaffolds fabricated by

either gas foaming or porogen leaching can be implanted subcutaneously in an animal
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to generate a mechanically tunable in vivo system for the study of cell-matrix
interactions. Such a model could definitively answer questions about tissue rigidity
effects in vivo and allow for testing of drugs that specifically target only
mechanotransduction.

Taken together, these findings demonstrate the need for more accurate in vitro
models if we are to advance the field of molecular biology to develop new therapies for
current clinical problems. Given the complexity of both native tissue and the resultant
manufacturing of structurally and biochemically controlled synthetic scaffolds, such
studies require new collaborative approaches that likely overlap the fields of biology

and engineering.
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CHAPTER VI

THE FUTURE OF CANCER TREATMENT: TARGETED THERAPIES FOR BONE

METASTASES

With a survival rate of less than 30% [1], the need for more effective
therapies for osteolytic bone metastases is clear. While the current standard of
clinical care focuses on slowing progression of bone destruction in combination
with cytotoxic agents to eradicate the cancer, future therapies will consist of
targeted treatments - drugs that selectively target signaling pathways used by the
cancer cells to home to and establish themselves in bone. Several targets have
previously been identified in successful preclinical trials (such as TGF and MMP
blockade), but have achieved little success in a clinical setting due to complex
pleiotropic and mechanistic challenges [2]. In the past 5 years, the fields of
biophysics and mechanotransduction have become increasingly relevant in terms of
cell fate and behavior, particularly with respect to cancer. Increased tissue rigidity
is one of the first signs of breast cancer [3] - women with breast cancer present in
the clinic with suspicious lumps in the breast - and this increased rigidity has been
found to promote abnormal cell morphogenesis and cancer invasiveness [4-6]. This
concept has to date not been clearly translated to bone, in part because previous
studies had suggested that cells cannot distinguish and are thus unaffected by the
rigidity of bone [7, 8]. Nevertheless, some preclinical studies for antagonists of

various mechanotransduction effectors have shown promise in the prevention and
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reduction of cancer induced osteolytic lesions, but the exact mechanisms behind this
efficacy are not well understood [9, 10].

This lack of understanding is, in part, due to the fact that it is technically
challenging to accurately study the effects of tissue rigidity both in vitro and in vivo.
Studying the effects of tissue mechanics in vivo is challenging because of the
different biochemical makeup of the tissue itself. The growth factor and cytokine
makeup of bone, for example, vastly differs from that of breast tissue, making it
impossible to separate rigidity effects from biochemical effects in native tissue.
Thus, the need for mechanically tunable biocompatible synthetic materials is clear.
Tissues in the body range from 103 - 1019 Pa [11], and generating materials to
synthetically replicate these conditions and studying their effects on cell behavior
requires knowledge of both materials science and molecular biology, demonstrating
the increasing need for cross-discipline collaboration to advance our understanding
of biological processes.

The need for more effective cancer therapies is clear: large scale randomized
clinical studies of chemotherapy efficacy have only shown a 2% increase in 5-year
survival rates, calling into question the justification of chemotherapy as the current
standard of clinical care [12]. Furthermore, bisphosphonates, which are commonly
co-prescribed for the treatment of osteolytic metastases, do not target the tumor
itself and only serve to slow cancer associated bone destruction. Past studies have
identified both proteases and growth factors as clinical targets to prevent the
progression of cancer, but targeting these molecules has, as of yet, shown little

success in the clinic.
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Preclinical trials of MMP inhibitors (MPI) were promising, leading to further
evaluation in clinical trials. Unfortunately, results of phase I and II clinical trials
have been disappointing due to a number of reasons. Patients reported
musculoskeletal pain and inflammation with broad spectrum MPI treatment, a
complication not observed in the preclinical trials [13]. In response, Agouron and
Bayer developed selective MPIs (prinomastat and tanomastat), but these were also
plagued with the same side effects [13]. Clinical efficacy of MPIs has also come
under scrutiny, as their action is cytostatic (slows cell growth) rather than cytotoxic.
Phase III clinical trials attempted to examine the benefit of MPIs over the current
standard of care, and unfortunately led to the conclusion that MPIs are of little
benefit in the treatment of human cancer. One reason for this may be that MPIs
were administered to patients with advanced disease, while in the preclinical mouse
models they were given at early stages of disease and administered throughout
tumor progression[13]. This early stage treatment is of course an unrealistic
condition in the clinic and also suggests that MPIs are unsuitable for the treatment
of metastatic disease.

TGFp signaling blockade has also shown great promise in preclinical animal
models of metastatic breast cancer, reducing both tumor burden and growth of
breast cancer in bone [14], but its clinical use is complicated due to TGFp’s
pleiotropic effects. Not only does TGFf suppress tumor growth in early stage cancer
while promoting invasion in late stage cancer, but it is also known to affect the
tumor microenvironment by upregulating protease and ECM production while

decreasing immune activity [2]. A patient may undergo a mastectomy to remove a
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primary malignancy but has subsequently developed osteolytic metastases to be
treated with anti-TGFp therapy. While this course of action may treat the
metastases, it could potentially stimulate cells at the primary site to become
invasive and proliferate, thus restarting the process of invasion. TGFf signaling is
also implicated cell cycle regulation, proliferation and immune function for many
cell types, further complicating its clinical use. Given its complexity, the biological
target for TGFp related therapies may be stromal, immune, vascular or a
combination of all of these. Additionally, given TGFf’s involvement in numerous
normal cellular functions, long term effects of anti-TGF therapy are required before
any viable clinical therapies can be developed.

Considering the increasing body of evidence implicating
mechanotransduction responses in cancer progression, future clinical trials will
likely focus on new targets, such as ROCK, a3, and Src. A novel preclinical model
of breast cancer metastasis to human bone showed that the specific small molecule
antagonist to ROCK, Y27632, reduced the presence of metastatic lesions, but was
not clear in demonstrating a pathway by which ROCK promotes breast cancer
metastasis [10]. Furthermore, the ovf3 antagonist PSK1404 has shown promise in
the prevention of bone metastasis in preclinical models, yet its exact role in the
prevention of lesions is not well understood [9, 15]. Similarly, although PTHrP has
been identified as a target in osteolytic tumor progression some time ago, the
mechanisms behind its initiation are not well understood[16, 17]. Furthermore,
although PTHrP inhibition has been shown successful in the prevention of bone

metastases in animal models [18], clinical trials using an anti-PTHrP antibody have
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shown little success. Guanosine nucleotides, including the chemotherapeutic 6-
thioguanine, have also shown promise in inhibiting PTHrP [19], however their
clinical use is complicated due to cytotoxicity and lack of bioavailability in bone.
However, our data suggest that Rho mediated contractility is central to breast
cancer induced bone destruction. Furthermore, it has recently been established that
Rho-mediated contractility is part of a feed-forward signaling loop that drives
contractility and promotes invasiveness [20]. Specifically, increased ECM
crosslinking in soft tissue (due to tumor-secreted lysyl oxidase) stimulates cell
contraction through sites of integrin adhesion via Rho/ROCK. This resultant tension
leads to further matrix stiffening and continued signaling by ROCK to drive
expression of genes to promote an invasive phenotype (Fig 6.1). Since bone is a
rigid, mineralized tissue, it presents an environment that facilitates a constitutive
activation of this loop. Furthermore, our data show that disrupting key components
of this loop (Src, avp3, or ROCK) block the expression of osteoclastogenic genes.
These findings suggest that targeting components of the
mechanotransduction signaling loop could present viable targets for clinical trials in
the treatment of bone metastases. While we and others have shown clear rigidity
mediated effects on mechanotransduction processes involving integrin and Rho
mediated contractility [5-8, 21-27], these processes are also known to be dependent
on spatial organization of the cell within the matrix [26, 28-31]. As such, future
models of ECM influences on disease progression must take into account the
organization of normal and malignant cells within the native tissue. Given the

complexity of cellular and tissue architecture, development of such models will
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likely involve concepts of polymer science, tissue engineering, physiology and
molecular biology. Itis our hope that overlap and collaboration in these fields will
lead to the development of new in vitro and in vivo models for the study of cell-
matrix interactions and new insights into the progression of metastatic disease to

ultimately generate targeted cancer cures.
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Figure 6.1. Mechanotransduction feed-forward loop involved in cancer
progression. ROCK, stimulated by matrix rigidity, drives integrin and Src mediated
contractility. This in turn further stimulates ROCK to facilitate expression of
osteoclastogenic factors.
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