THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF BIOENGINEERING

THE EFFECTS OF COMBINATION ZOLEDRONATE AND DOCETAXEL THERAPY ON BREAST CANCER
COLONIZATION OF THREE-DIMENSIONAL OSTEOBLASTIC TISSUE

GENEVIEVE NICOLE MILLER
Spring 2010

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Bioengineering
with honors in Bioengineering

Reviewed and approved* by the following:
Erwin A. Vogler
Professor of Materials Science and Engineering and Bioengineering
Thesis Supervisor
Andrea M. Mastro
Professor of Biochemistry and Molecular Biology
Thesis Supervisor
William O. Hancock
Associate Professor of Bioengineering
Honors Advisor

*Signatures are on file in the Schreyer Honors College.

ABSTRACT

Breast cancer frequently metastasizes to bone, and most treatments for the disease involve both
tumor-directed (such as chemotherapy agents) and bone-directed therapies. The family of drugs

called bisphosphonates has been widely used clinically for the management and prevention
of skeletal complications from bone metastases because bisphosphonates are targeted to the
bone. The purpose of this study was to characterize the effects of a bisphosphonate, zoledronate, and
a taxane, docetaxel, on an in vitro model of cancer-in-bone.

Mineralized 3D osteoblastic tissue was grown from murine calvarial pre-osteoblasts (MC3T3-E1) in a
specialized bioreactor based on the principle of simultaneous-growth-and-dialysis. This 3D bone
model provides a unique test system in which cancer cell interactions with osteoblastic tissue at
controlled phenotypic maturities can be microscopically monitored in real time. Human metastatic
breast cancer cells (MDA-MB-231GFP) were co-cultured with osteoblastic tissue in the actively
mineralizing phase. Cultures were either treated with zoledronate following cancer cell inoculation,
pre-treated with zoledronate, or pre-treated with a combination of zoledronate and docetaxel.
Osteoblastic tissue was stained with Cell Tracker Orange or AlexaFluor 568, and cultures were
monitored daily using confocal microscopy.

Without added drug treatments, breast cancer cells were observed to attach, penetrate, and colonize
osteoblastic tissue in a continuous process that ultimately marshaled osteoblasts into linear files
similar to that observed in authentic pathological tissue. A single dose of zoledronate following
cancer cell inoculation delayed cancer-cell penetration and colony formation, with osteoblasts
retaining the characteristic cuboidal shape observed in controls for the first 2 days of co-culture.
Thereafter, cancer-cell colonization progressed to the filing stage. Pre-treatment of cultures with
zoledronate also resulted in reduced breast cancer cell colony formation and a disruption of cancer
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cell aligment. Differences in the distribution of cancer cells within colonies were observed. Combined
treatment with zoledronate and docetaxel completely inhibited cancer progression.

These results indicate that concentrations of zoledronate that minimally affect osteoblast function are
capable of delaying breast cancer progression throughout bone. Furthermore, administration of
zoledronate adjuvant to the chemotherapy drug docetaxel results in synergistic antitumor effects. This
study has shown that the bioreactor is a useful device for the study of drug effects on the early stages
of breast cancer cell interactions with bone tissue.
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CHAPTER 1. INTRODUCTION

1.1 BREAST CANCER INCIDENCE
Breast cancer is the second most commonly diagnosed cancer in women in the United States,
accounting for nearly 27% of all female cancers in 2009 [1]. Breast cancer also ranks second as the
cause of cancer deaths, with an expected 40,610 breast cancer deaths last year [1]. An estimated one
in eight women will be diagnosed with breast cancer in the course of their lifetime [1].

1.2 BREAST CANCER METASTASIS
Breast cancer may progress to become invasive, i.e. cancer cells spread throughout the breast tissue,
or metastatic, i.e. cancer cells spread to other organs in the body [2]. The primary cause of death for
most cancer patients is metastatic disease [3, 4]. Many cases of advanced breast cancer present with
multiple sites of metastasis [5]. The most common sites of breast cancer metastasis are the bones,
liver, lungs, and brain (Figure 1.1) [5, 6].

Metastasis is a complex process that can be divided into four steps: angiogenesis in the primary
tumor, invasion, survival and arrest in the bloodstream, and colonization at the secondary site [3, 7,
8]. Angiogenesis is the generation of blood vessels from preexisting vasculature and is required for
the growth of the primary tumor [3, 8]. Angiogenesis increases the ability of tumor cells to access the
bloodstream and spread to a distant organ [8]. Invasion is characterized by changes in tumor cell
adherence to the extracellular matrix as well as recruitment of proteases to degrade the extracellular
matrix and enhance cancer cell motility [3, 8]. Tumor cells enter the circulatory system through the
extension of pseudopodia and then translocation of the cell body – a process termed intravasation [8].

Tumor cells must survive the harsh environment of the bloodstream, arrest in a distant capillary bed,
and extravasate into the surrounding tissue [3]. Finally, tumor cells proliferate at the secondary site to
form a metastasis [3, 7, 8]. This process, termed „metastatic colonization‟, involves interactions
1

FIGURE 1.1 Breast cancer metastasis to distant organs. Breast cancer cells (green) can
metastasize from the primary tumor in the breast tissue (purple dashed line) to a secondary location in
the body through the circulatory (red and blue) or lymphatic (orange) systems. The most common
sites of metastasis are the bones, liver, lungs, and brain.
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between tumor cells and the surrounding microenvironment [7]. Tumor proliferation is controlled by
factors that regulate growth and angiogenesis [3, 7, 8] as well as cytokines and chemokines [7]. An
understanding of cancer interactions with the metastatic niche is important in identifying treatments
for metastatic disease.

1.3 BONE PHYSIOLOGY
Bone is a dense connective tissue that functions to support and protect other organs, balance
electrolytes (such as calcium), and regulate pH [9]. In addition, bone encloses the bone marrow,
which produces red blood cells, white blood cells, and platelets as well as bone cells [9, 10].

Bones are classified according to size and shape into four groups: long, short, flat, and irregular [9,
10]. Long bones, such as the humerus of the arm and the femur of the leg, transmit force from
muscles to produce movement. Short bones, such as those in the wrist and ankles, have limited
motion but allow for bending in multiple directions. Flat bones primarily protect organs. Examples of
flat bones include the sternum, scapula, and cranial bones. Irregular bones, such as the vertebrae,
cannot be classified into distinct categories.

Two types of osseous tissue exist – cortical (compact) bone and cancellous (spongy) bone [9, 10].
The basic structural unit of cortical bone is the osteon, which consists of concentric layers of matrix
(lamellae) surrounding a central canal known as a Haversian canal [9, 10]. Individual osteons are
interconnected by small channels in the matrix called canaliculi. Cells within the osteon obtain
nutrients from small blood vessels called Volkmann canals, which also serve to remove cellular waste
products. As the name suggests, cancellous or spongy bone is less dense than cortical bone.
Cancellous bone is characterized by a series of rods and plates called trabeculae that create an open
lattice structure for the tissue [9, 10].
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While cortical and cancellous bone vary significantly in structure, each is designed to impart strength
on the bone. Bone strength is enhanced in cortical bone because lamellae have alternating
arrangement, while cancellous bone strength arises from the orientation of trabeculae along the
bone‟s lines of stress [9].

The general features of a long bone, including the internal structure, are illustrated in Figure 1.2. The
main features are the shaft, called the diaphysis, and an enlarged head at each end of the bone, called
the epiphysis. Between these regions lies the metaphysis, a highly vascularized region predominantly
composed of trabecular bone [11]. The periosteum is a fibrous sheath that surrounds the bone
consisting of an outer layer of collagen and an inner layer of osteogenic cells [9].

Bone is a dynamic tissue that undergoes constant remodeling by the resorption of old bone and the
formation of new bone. Approximately 10% of the skeletal tissue is replaced each year as a result of
physiologic bone remodeling [9]. Bone remodeling is coordinated by three major cell types:
osteoclasts, osteoblasts, and osteocytes. Osteoclasts are large, multi-nucleated cells that develop from
osteoclast precursors of the hematopoietic stem-cell lineage [10]. Activated mononuclear preosteoclasts proliferate and fuse to form osteoclasts. Osteoclasts are responsible for bone resorption.
The highly invaginated osteoclast membrane (“ruffled border”) creates a seal around the bone
mineral, into which hydrogen ion pumps along the border concentrate hydrochloric acid [9, 10]. A
combination of the acidic environment and the digestive enzymes created by the osteoclast
contributes to matrix dissolution.

Osteoblasts are cuboidal cells of mesenchymal origin responsible for bone formation. Osteoblasts
synthesize and deposit the soft organic component of bone matrix (collagen, glycosaminoglycans,
glycoproteins, and protoeglycans) [9, 10]. This soft matrix is later calcified with hydroxyapatite
crystals [9, 10]. Following matrix deposition, osteoblasts may assume an inactive form and become
bone-lining cells, or they may become entrapped in the synthesized matrix and mature into osteocytes
4

FIGURE 1.2 Internal structure of a human long bone, with a magnified cross section of the
interior. The central tubular region of the bone, called the diaphysis, flares outward near the end to
form the metaphysis, which contains a largely cancellous, or spongy, interior. At the end of the bone
is the epiphysis, which in young people is separated from the metaphysis by the physis, or growth
plate. The periosteum is a connective sheath covering the outer surface of the bone. The Haversian
system, consisting of inorganic substances arranged in concentric rings around the Haversian canals,
provides compact bone with structural support and allows for metabolism of bone cells. Osteocytes
(mature bone cells) are found in tiny cavities between the concentric rings. The canals contain
capillaries that bring in oxygen and nutrients and remove wastes. Transverse branches are known as
Volkmann canals. [© Merriam-Webster Inc.]
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[9, 10]. Osteocytes reside in small cavities in the matrix called lacunae that are interconnected by
canaliculi [9]. They form connections with osteoblasts and other osteocytes by extending cytoplasmic
processes through the canaliculi [9, 10]. The primary function of the osteocyte is to sense mechanical
loading of the bone and regulate bone remodeling accordingly. It is thought that osteocytes sense
small fluid shifts in the lacunocanalicular network and influence bone remodeling through either
biochemical or biomechanical signals [12].

Physiological bone remodeling is a coupled process in which bone resorption by osteoclasts is tightly
balanced by bone formation by osteoblasts [13, 14]. This balance can be disrupted by many
pathological conditions, including bone metastasis of breast and other cancers.

1.4 BREAST CANCER IN BONE
While tumor metastasis can occur in a number of secondary sites, some cancers preferentially spread
to particular tissues. The observation that certain tissues may be “predisposed for secondary cancer”
was made as early as 1889 by Stephen Paget, who wrote, “When a plant goes to seed, its seeds are
carried in all direction; but they can only live and grow if they fall on congenial soil” [15]. This
hypothesis indicates that a relationship exists between the primary tumor (seed) and the metastatic
site (soil) that determines the propensity of cancer to spread to particular organs [4, 6, 15, 16].

Certain cancers, including breast, prostate, and multiple myeloma, frequently metastasize to bone [17,
18]. Bone metastasis occurs in an estimated 65-75% of patients with advanced breast cancer [18].
Malignant cells from the primary tumor in the breast tissue invade the circulatory system and arrest in
capillary beds in the bone tissue to form secondary tumors (Figure 1.3). Metastases are commonly
found in metaphyseal bone where properties are favorable for metastatic colonization [19]. As
previously discussed, metaphyseal bone is highly vascularized. Blood flow in this vasculature is much
slower than in the capillaries within other organs, facilitating tumor cell arrest in the capillary beds of
metaphyseal bone [19, 20]. In addition, bone endothelial cells constitutively express tethering and
6

FIGURE 1.3 The steps involved in tumor-cell metastasis from a primary site to the skeleton.
The primary malignant neoplasm promotes new blood-vessel formation, and these blood vessels carry
the cancer cells to capillary beds in bone. Aggregates of tumor cells and other blood cells eventually
form embolisms that arrest in distant capillaries in bone. These cancer cells can then adhere to the
vascular endothelial cells to escape the blood vessels. As they enter the bone, they are exposed to
factors of the microenvironment that support growth of metastases. [Image taken from Mundy GR,
Nature Reviews Cancer 2002]
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adhesion molecules that may facilitate binding to bone [19, 20]. Finally, bone matrix contains
chemokines that may serve as chemoattractants for cancer cells, and bone is rich in growth factors
that can support secondary tumor growth [19, 20].

Bone metastases in breast cancer patients are primarily classified as osteolytic lesions (characterized
by increased bone resorption), although some osteoblastic or mixed lesions may exist [21, 22]. Breast
cancer uncouples normal bone remodeling, favoring osteolysis [23]. Increased bone resorption is
mediated by osteoclasts, which are activated by factors secreted by cancer cells themselves as well as
factors secreted by other cell types in response to the tumor cells [24].

The molecular mechanisms of breast cancer cell interactions with bone are well understood [4, 7, 8,
16, 20-22, 25-30]. Tumor cell production of parathyroid hormone-related protein (PTHrP) signals
osteoblasts to increase expression of receptor activator of nuclear factor B ligand (RANKL) and
decrease expression of osteoprotegrin (OPG), a decoy receptor for RANKL [4, 7, 26]. The ratio of
RANKL to OPG determines osteoclast activation, which is mediated through the RANK receptor
expressed by osteoclasts [4, 7, 20]. Thus, PTHrP produced by tumor cells activates osteoclasts to
begin bone resorption. Transforming growth factor- (TGF- ) is released from the bone matrix as it
is degraded, which further stimulates cancer cell production of PTHrP [4, 7, 26, 31], generating a
“vicious cycle” between breast cancer and the bone environment (Figure 1.4) [4, 7, 16].

Osteoblasts also contribute to bone loss during metastasis.

Breast-cancer cells disrupt normal

osteoblast function [32, 33] and suppress the production of matrix proteins. In addition they elicit an
osteoblast stress response in which osteoblasts release inflammatory cytokines known to activate
osteoclasts [34].

Bone metastases cause significant skeletal complications, or skeletal-related events (SREs), in
patients with advanced breast cancer [17, 18, 35, 36]. On average, a patient with metastatic bone
8

FIGURE 1.4 The bone metastasis ‘vicious’ cycle. Metastatic tumor cells interact with the bone
microenvironment to facilitate osteolytic colonization. Tumor cells secrete PTHrP, which stimulates
osteoblasts to produce membrane-bound RANKL and reduce expression of OPG, a soluble decoy
receptor for RANKL. It is the ratio of RANKL to OPG that determines osteoclast activation, through
its receptor for RANKL. Activated osteoclasts degrade the bone matrix, releasing into the local
microenvironment embedded growth factors including TGF-β. TGF-β stimulates tumor-cell PTHrP
production, renewing the cycle. [Adapted from Steeg PS, Theodorescu D, Nat Clin Pract Oncol 2008]
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disease will experience a SRE every 3 to 6 months, and the median survival time for patients with
breast cancer-in-bone is measurable in years [35]. Therefore, a patient may experience numerous
SREs in the progression of their disease. Skeletal complications include severe bone pain, instability
and impaired mobility, pathological fractures, spinal cord compression, bone marrow infiltration and
suppression, and most commonly, hypercalcemia [17, 18, 35, 36]. The high incidence of skeletal
complications in breast cancer bone metastasis suggests that treatments for the disease should
incorporate both cancer-directed and bone-directed therapies [36].

1.5 TREATMENTS FOR BONE METASTASIS
Patients with metastatic breast cancer receive two types of treatment: systemic anti-cancer therapy
(such as chemotherapy or hormonal therapy) and bone-directed therapy (such as radiotherapy,
radiopharmaceuticals, orthopedic surgery, or bisphosphonates) [36-38].

Two classes of chemotherapeutic agents exist that target rapidly dividing cells: anthracyclines and
taxanes [39, 40]. Anthracyclines (such as doxorubicin and epirubicin) are antibiotics that function by
blocking DNA translation and replication [39]. Taxanes (such as paclitaxel and docetaxel) bind
tubulin and stabilize microtubules from disassembly, disrupting mitosis [39, 41]. Taxanes also
inactivate the anti-apoptotic protein Bcl-2, leading to tumor cell apoptosis [41].

Hormonal therapy is a systemic anti-cancer therapy that targets hormone receptor (estrogen,
progesterone, or both) positive breast cancers. Hormonal treatments are categorized as selective
estrogen receptor modulators (SERMs), aromatase inhibitors, or selective estrogen receptor downregulators (SERDs) [42]. SERMs and SERDs (such as tamoxifen and fulvestrant, respectively) bind
to and block estrogen receptors in breast cells, but SERDs additionally decrease the number of
receptors by breaking them down [42]. Aromatase inhibitors (such as anastrozole) inhibit the
aromatase enzyme, which catalyzes the final step in estrogen synthesis [42].
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Bone-directed therapies are aimed at minimizing skeletal complications of breast cancer metastasis.
Radiotherapy is widely used to relieve bone pain and prevent local recurrence [43].
Radiopharmaceuticals are capable of concentrating at sites of bone remodeling and relieving pain at
multiple metastatic sites [44]. The primary aim of orthopedic surgery is stabilizing areas of the bone
that have been compromised by osteolytic lesions, but surgery can also be performed to promote bone
healing [37].

The family of drugs called bisphosphonates has been widely used clinically for the management and
prevention of skeletal complications from bone metastases because bisphosphonates are targeted to
the bone [45]. Major clinical studies have recently concluded that support bisphosphonate therapy
adjuvant to chemotherapy or hormonal therapy in the prevention of SREs in breast cancer (see review
in reference [36]) [46, 47]. As more patients begin adjuvant bisphosphonate therapy, a greater
understanding of bisphosphonate interactions with the bone microenvironment in metastasis is
necessary to determine long-term effects of this treatment.

1.5.1 ADJUVANT BISPHOSPHONATE THERAPY
Bisphosphonates are chemically stable synthetic analogues of inorganic pyrophosphate (P-O-P), a
molecule that inhibits calcification [48], in which the oxygen atom has been replaced by a carbon
atom (P-C-P). The third-generation, nitrogen-containing bisphosphonates, such as zoledronate, target
the “vicious cycle” of breast cancer metastasis to bone in two ways – by reducing osteoclast activity
and exhibiting direct antitumor effects on cancer cells [49, 50].

Bisphosphonates bind avidly to bone mineral, where they are internalized by osteoclasts during
dissolution (Figure 1.5) [51]. Once internalized, nitrogen-containing bisphosphonates inhibit the
enzyme farnesyl diphosphate (FPP) synthase in the mevalonate pathway and interfere with functions
essential for osteoclast survival [51, 52].
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FIGURE 1.5 Bisphosphonate mechanisms of action. Bisphosphonates (BPs) bind avidly to bone
mineral, where they are internalized by osteoclasts during dissolution. Once internalized, BPs
interfere with functions necessary for osteoclast survival. [Image adapted from Novartis]
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The effects of bisphosphonates on osteoclasts have been well documented, but reported effects on
osteoblasts vary among studies. Proliferation and differentiation of human fetal osteoblasts (hFOB
1.19) was reportedly enhanced by pamidronate coated cellulose scaffolds [53], while direct treatment
of hFOB cells with pamidronate and zoledronate was found to decrease cell proliferation but enhance
differentiation [54]. Treatment of human osteoblast-like cells derived from trabecular bone explants
with zoledronic acid (ZA) promoted differentiation and mineralization but induced apoptosis at
concentrations of 0.5 M or greater [55]. The proliferation of primary human osteoblasts cultured on
ZA-coated implants was not affected by concentrations up to 100 M, while cells directly treated
with 50

M ZA were significantly reduced in number [56].

The proliferation and osteogenic

differentiation of human bone marrow stromal cells (BMSC) were enhanced by 10-8 M concentrations
of alendronate, risedronate and zoledronic acid [57]. Zoledronic acid (1 M – 1 nM) treatment of
human mesenchymal stem cell (hMSC)-derived osteoblasts reportedly has little effect on
differentiation but inhibits mineralization in a dose-dependent manner [58]. Studies using MG63
human osteoblast-like cells indicate that aledronate and pamidronate promote both proliferation and
differentiation [59, 60], but zoledronic acid decreases proliferation in a dose-dependent manner [61].

In vitro studies using murine cell lines also produce various results. Treatment of MC3T3-E1
osteoblasts in tissue culture plates with 0.1-50 M concentrations of zoledronic acid decreased cell
proliferation [61], while the viability and mineralization of MC3T3-E1 cells cultured on calcium
phosphate discs were unaffected by the same concentrations [62].

Researchers using

aminobisphosphonates on primary rat osteoblasts and primary mouse osteoblasts found that
nanomolar concentrations of each inhibited osteoblast mineralization while micromolar
concentrations were toxic to the cells [63, 64]. Cells cultured on dentine substrates responded
similarly to bisphosphonate treatment but at higher concentrations [63].

In addition to effects on osteoblasts, many studies have documented the antitumor effects of
bisphosphonates on tumor cells in vitro [49]. Zoledronic acid concentrations ranging between 10 and
13

100 μM caused significant decreases in MCF-7 and MDA-MB-231 cancer cell numbers and a marked
increase in apoptosis [65]. These effects are thought to be mediated through the mevalonate pathway
[65]. Decreased cell numbers, reduced viability, and increased evidence of apoptosis were observed
in MCF-7, MDA-MB-231, and Hs 578T human breast cancer cell lines treated with four different
bisphosphonates [66]. The nitrogen-containing bisphosphonates zoledronate and pamidronate were
the most potent inhibitors of cancer cell survival [66]. A similar study using MCF-7, T47D, and
MDA-MB-231 breast cancer lines treated with four different bisphosphonates reported growth
inhibition in MCF-7 and T47D cell lines, induction of apoptosis in MCF-7 cells, evidence of necrosis
in T47D cells, but minimal effects on the MDA-MB-231 (metastatic) breast cancer cell line [67]. In a
study of the prostate cancer cell line PC-3, treatment with zoledronic acid alone was actually
observed to have more dramatic inhibitory effects on cancer cells than a chemotherapeutic agent
alone [68]. Though some variation exists in the cytotoxicity of bisphosphonates on individual cancer
cell lines, it is evident from these studies that bisphosphonates have direct cytotoxic effects on tumor
cells in vitro.

Furthermore, more recent studies suggest that the bisphosphonate zoledronate enhances the effects of
chemotherapeutic agents, such as paclitaxel and docetaxel. In vitro, a combination of zoledronate and
docetaxel synergistically inhibited the growth of PC-3 and DU-145 prostate cancer cell lines [69],
while a combination of zoledronate and paclitaxel resulted in a 2-fold increase in the proportion of
apoptotic cells of the MCF-7 breast cancer cell line [65]. Some in vitro studies also suggest that the
drug sequence determines the degree of synergistic effects; treatment of MCF-7 cells with paclitaxel
followed by zoledronate resulted in maximum tumor cell apoptosis [70]. In the prostate cancer cell
line LNCaP, the strongest cytotoxic effect was observed when cells were treated with zoledronate and
docetaxel for one hour followed by treatment with zoledronate only [71].

Synergistic antitumor effects between bisphosphonates and taxanes have also been reported in vivo.
In a mouse model of osteoblastic metastases, a combination of zoledronate and docetaxel was
14

observed to inhibit tumor growth, potentially because the zoledronate sensitizes tumor cells to the
effects of the taxane [72]. A combination of zoledronate, paclitaxel, and STI571 (another antitumor
agent) preserved bone structure and decreased prostate tumor burden in the tibias of athymic nude
mice [73]. While in the majority of these studies, the concentrations of taxane are the same in the
control (taxane alone) and combination therapies, a study of the bisphosphonate risedronate combined
with a low dose of docetaxel (with minimal inhibitory effects alone) found that the combination
inhibited tumor growth and protected bone integrity [74]. The combined results of these studies
indicate that administration of a bisphosphonate adjuvant to chemotherapy may protect the bone from
SREs and prevent the growth of bone metastases.

Although considerable progress has been made toward understanding the effects of adjuvant
bisphosphonate therapy on osteoclasts, osteoblasts, and tumor cells, the findings from these studies
must be interpreted with caution. The review of the literature suggests that drug effects on these
different cell types vary according to tissue complexity, demonstrating the need for more advanced in
vitro models for metastasis studies.

1.6 ENGINEERED IN VITRO MODELS OF CANCER
Modeling the bone environment to study bone metastasis is challenging. To discover and understand
the mechanisms of breast cancer colonization of bone, and to test and develop new treatments for the
disease, it is necessary to recapitulate the tumor-bone microenvironment as accurately as possible.
While in vivo models are useful in reproducing the complexity of a whole biological system, they are
too complex for detailed studies of the mechanisms underlying disease progression [75]. In vitro
systems enable the precise manipulation of highly controlled cellular environments, but twodimensional cultures fail to capture the complexity of native tissue architecture, particularly that of
bone [75]. An effective model of cancer metastasis to bone must strike a balance between biological
relevance and experimental control [75].
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Three-dimensional (3D) cell culture systems designed using tissue engineering principles can serve as
complex in vitro models of breast cancer-in-bone [76]. While tissue engineering generally refers to
the development of tissues for repair or replacement [12], engineered tissues can also serve as in vitro
models of disease.

Tissue engineering involves seeding cells on a 3D scaffold and culturing the tissue in a complex
environment that mimics in vivo conditions (i.e. fluid flow, mechanical loading). Numerous studies in
tumor biology have employed the use of scaffolds to create 3D tumor models [76-78]. Oral squamous
cell carcinoma cells cultured within poly(lactide-co-glycolide) (PLG) scaffolds recreated the
angiogenic capacity of tumor cells in vivo [78]. A 3D model of breast cancer was developed using
MCF-7 cells cultured on a poly(lactic acid) (PLA) microparticle scaffold [77]. In both models, the
activity of chemotherapeutic agents was significantly lowered in 3D systems when compared to 2D
cultures, suggesting that capturing the 3D architecture of the tumor is critical in understanding cancer
treatments [77, 78].

While biomaterial scaffolds are useful in developing complex tissue structures, the appropriate culture
conditions can promote natural formation of 3D tissue without the use of polymer materials.
Bioreactors create the appropriate biophysical and biochemical environments necessary to support
tissue growth. This study describes the use of a novel bioreactor system to model the tumor-bone
environment in breast cancer bone metastasis. Extended-term culture of osteoblasts in the
compartmentalized bioreactor supports the growth of mineralizing, multiple-cell-layer tissue that can
be challenged with metastatic breast cancer cells to model breast cancer metastasis to bone [79, 80].

1.6.1 COMPARTMENTALIZED BIOREACTOR
A specialized bioreactor [81] based on the concept of simultaneous growth and dialysis pioneered by
G.G. Rose [82] enables the growth and development of 3D osteoblastic tissue for extended culture
[79]. This compartmentalized cell culture device consists of a cell growth chamber separated from a
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FIGURE 1.6 Compartmentalized bioreactor. The device consists of a cell growth chamber
separated from a larger medium reservoir by a dialysis membrane. The two compartments are bound
by gas-permeable films that maintain appropriate oxygen levels. Waste from the growth compartment
and nutrients from the medium reservoir are capable of dialyzing, while macromolecules synthesized
by the cells as they develop are maintained in the cell growth space. Media is exchanged in the
medium reservoir, thereby reducing drastic environmental changes cells experience in conventional
tissue culture. The bioreactor creates an extraordinarily stable cellular environment that allows for
the growth of multiple-cell layer osteoblastic tissue.
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larger medium reservoir by a dialysis membrane. Waste from the growth compartment and nutrients
from the medium reservoir are capable of dialyzing, while macromolecules synthesized by the cells as
they develop are maintained in the cell growth space. Media is exchanged in the medium reservoir,
thereby reducing drastic environmental changes cells experience in conventional tissue culture. The
bioreactor creates an extraordinarily stable cellular environment that allows for the growth of
multiple-cell layer osteoblastic tissue (Figure 1.6). Three-dimensional osteoblastic tissue has been
maintained for over 10 months of continuous culture using this device [79], and osteoblasts grown for
extended periods exhibit cell morphological and gene expression changes consistent with an
osteocyte phenotype [83]. The bioreactor provides unprecedented biophysical and biochemical
stability to osteoblasts cultured in the device, offering a complex yet controlled environment for
metastasis studies.

The 3D osteoblastic tissue grown in the bioreactor can be challenged with metastatic breast cancer
cells to model the initial stages of breast cancer colonization of bone. Human metastatic breast cancer
cells (MDA-MB-231) introduced into cultures of murine osteoblasts (MC3T3-E1) were observed to
adhere to and penetrate osteoblastic tissue and form colonies within the cultures [80]. Furthermore,
breast cancer cells were observed to align into distinct files characteristic of cancer invasion, a
process termed single-cell infiltration [80, 84]. This system allows for the real time monitoring of
breast cancer colonization of osteoblastic tissue.

1.7 PURPOSE AND OVERVIEW
This study describes a novel approach to studying the treatment of bone metastasis of breast cancer in
vitro using principles of tissue engineering. The purpose of this study was to characterize the effect of
a nitrogen-containing bisphosphonate (zoledronate) and a taxane (docetaxel), alone and in
combination, on osteoblasts in vitro and osteoblasts challenged with metastatic breast cancer cells in a
compartmentalized bioreactor. The effects of these drugs on osteoblast proliferation, differentiation,
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and mineralization were examined to determine candidate concentrations to be used in bioreactor cell
cultures. Effects of docetaxel on breast cancer cell proliferation were also determined.
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CHAPTER 2. MATERIALS AND METHODS

2.1 CELLS AND TISSUE CULTURE CONDITIONS
Murine calvaria pre-osteoblast (MC3T3-E1) cells were a gift from Dr. Norman Karin at the Pacific
Northwest National Laboratories (ATCC CRL-2593). MC3T3-E1 were cultured in an incubator at
37oC with 5% CO2 and maintained in alpha minimum-essential medium (

MEM) (Mediatech,

Herdon, VA) supplemented with 10% heat-inactivated neonatal fetal bovine serum (FBS) (Cansera,
Roxdale, Ontario) and 1% 100 U/ml penicillin and 100 g/ml streptomycin (Sigma, St. Louis, MO),
hereafter referred to as growth medium. MC3T3-E1 were passaged every 3-4 days using 0.002%
pronase in phosphate buffered saline (PBS). Cells were not used above passage 20. Growth medium
further supplemented with 50 g/ml ascorbic acid and 10mM -glycerophosphate (Sigma, St. Louis,
MO), hereafter referred to as differentiation medium, was used to develop mineralized, differentiated
osteoblasts.

Human metastatic breast cancer (MDA-MB-231) cells genetically engineered to produce green
fluorescent protein (GFP) were a gift from Dr. Danny Welch at the University of Alabama at
Birmingham (ATCC-HTB 26). MDA-MB-231GFP cells are capable of forming bone metastases [85].
MDA-MB-231GFP were cultured at 37oC with 5% CO2 and maintained in Dulbecco’s Modified
Eagle’s medium (DMEM) (Mediatech, Herdon, VA) supplemented with 5% heat-inactivated neonatal
FBS and 1X non-essential amino acids.

2.2 ZOLEDRONATE
Zoledronate (Zoledronic acid; ZA) (2-(imidazol-1-yl)-hydroxyethylidene-1,1-bisphosphonic acid,
disodium salt) was purchased from Toronto Research Chemicals, North York, Ontario and dissolved
in 0.1 N NaOH (filter sterilized) to make a 5 mM stock solution.
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2.3 DOCETAXEL
Docetaxel (DOC) ((2R,3S)-3-[(tert-butoxycarbonyl)amino]-2-hydroxy-3-phenylpropanoate) was
purchased from Sigma-Aldrich, St. Louis, Missouri and dissolved in ethanol to make a 10mM stock
solution.

2.4 TISSUE CULTURE
MC3T3-E1 were plated at a sub-confluent density (104 cells/cm2) onto 24-well plates (Corning,
Corning, NY). Differentiating cells were maintained with periodic media changes every 3-4 days.

2.5 BIOREACTOR DESIGN AND IMPLEMENTATION
Compartmentalized bioreactors based on the principal of simultaneous growth and dialysis were
constructed as described previously (Figure 2.1) [79]. Briefly, 316L stainless steel stock rings were
tightly secured together by stainless steel screws to create the body of the device. Two compartments
– a cell growth chamber (5 ml volume) and a larger (30 ml volume) medium reservoir – were formed
with two outer gas-permeable and liquid-impermeable films and an inner dialysis membrane. The
films forming the outer barriers were approximately 3 mm thick and made by hot pressing Surlyn
1702 resin (DuPont, Wilmington, DE) using simultaneous application of heat (220oC) and pressure
(245 Pa) in a laboratory hot press. The inner film was cellulosic-dialysis membrane (Spectrapor13266; Spectrum Medical Industries, Rancho Dominguez, CA) and was hydrated in de-ionized water
for 2 hours prior to assembly of the device. Assembled bioreactors had a cell-growth area of 25 cm2.
Once assembled, bioreactor chambers were filled with 0.1% sodium azide in PBS, packaged in plastic
bags, and sterilized using 10 Mrad -ray irradiation at the Breazeale Nuclear Reactor Facility at the
Pennsylvania State University. Sterile bioreactors were rinsed 3 times with PBS and incubated
overnight with basal medium (aMEM, 1% penicillin-streptomycin) prior to cell inoculation.

21

FIGURE 2.1 Bioreactor exploded view. 316L stainless steel stock rings are tightly secured together
by stainless steel screws to create the body of the device. Two compartments – a cell growth chamber
(5 ml volume) and a larger (30 ml volume) medium reservoir – are formed with two outer gaspermeable and liquid-impermeable films and an inner dialysis membrane. The films forming the
outer barriers are approximately 3 mm thick and made by hot pressing Surlyn 1702 resin. The inner
film is cellulosic-dialysis membrane and is hydrated in de-ionized water for 2 hours prior to assembly
of the device. Assembled bioreactors have a cell-growth area of 25 cm2.
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2.6 MTT ASSAY FOR CELL PROLIFERATION
MC3T3-E1 were plated at 104 cells/cm2 in growth medium. Following overnight incubation, cells
were exposed to either ZA at 0.05, 0.50 and 5.00 M concentrations or DOC at 0.1, 1.0 and 10.0 μM
concentrations for 24, 48, and 72 hours, upon which cell viability was assessed with an MTT assay.
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma, St. Louis, MO) at 5
mg/ml in PBS was added to the cultures equivalent to 1/10th of the culture volume (50 l/500 l per
well). Cells were incubated at 37oC in 5% CO2 for 2 hours. Cells were then rinsed once with PBS
and 1 ml solubilization solution (0.1 N HCl, 1% Triton X-100 in isopropanol) was added to dissolve
the formazan crystals.

Samples were read at 570 nm on a spectrophotometer with 650 nm

background subtraction. Viable cell numbers were used to determine proliferation over time.

2.7 ALKALINE PHOSPHATASE ACTIVITY
MC3T3-E1 were plated at 104 cells/cm2 in differentiation medium and maintained with periodic
media changes for 17 days. After 17 days, differentiation medium was exchanged with either ZA in
concentrations of 0.05, 0.50 and 5.00

M diluted from a 5 mM stock concentration with

differentiation medium or DOC in concentrations of 0.1, 1.0 and 10.0 μM diluted from a 10 mM
stock concentration. Cells were cultured an additional week in the presence of ZA or DOC with two
medium changes containing the drug. Following exposure to ZA or DOC for 7 days, MC3T3-E1
were stained for alkaline phosphatase activity. Culture medium was removed and the cells were
rinsed twice with PBS. The cells were fixed for 10 minutes with 10% formaldehyde in PBS and then
rinsed three times with PBS. Cells were stained for alkaline phosphatase with a solution consisting of
napthol, pre-warmed dH2O, 0.2 M Tris (Sigma, St. Louis, MO) and Fast Blue RR Salt (Sigma, St.
Louis, MO) and then incubated at 37oC (no CO2) for 30 minutes.

2.8 VON KOSSA STAIN FOR MINERALIZATION
MC3T3-E1 were plated at 104 cells/cm2 in differentiation medium and maintained with periodic
media changes exactly as described for the alkaline phosphatase assay except the cells were grown for
23

28 days. After 28 days, differentiation medium was exchanged with either ZA in concentrations of
0.05, 0.50 and 5.00 M or DOC in concentrations of 0.1, 1.0 and 10.0 μM. Following exposure to
ZA or DOC for 7 days, MC3T3-E1 were stained for calcium phosphate and calcium carbonate salts.
Culture medium was removed and the cells were rinsed twice with PBS. The cells were fixed for 10
minutes with 10% formaldehyde in PBS and then rinsed three times for five minutes each with dH 2O.
A 5% silver nitrate solution (diluted in dH2O) was added to the cells, and they were incubated in the
dark for 30 minutes at room temperature. The cells were rinsed three times with dH2O, a final
volume of 0.5 mL dH2O was added to the cells, and they were incubated for 2 hours under a
fluorescent lamp.

2.9 TRYPAN BLUE STAIN FOR BREAST CANCER CELL PROLIFERATION
MDA-MB-231GFP were plated at 0.5x104 cells/cm2 in breast cancer cell growth medium. Following
overnight incubation, cells were exposed to DOC at 0.1, 1.0 and 10.0 μM concentrations. DOC was
administered in either a chronic dose (72 hour exposure to DOC) or a pulse dose (24 hour exposure to
DOC followed by 48 hours in growth medium). After 72 hours, viable cell number was determined
with a trypan blue stain. Cells were rinsed 2 times with sterile PBS and detached with pronase. 10 µl
of the cell suspension was combined with 10 µl trypan blue. Cells were counted on a hemocytometer
slide.

2.10 BIOREACTOR CO-CULTURES

2.10.1 THE EFFECTS OF ZOLEDRONATE ON BREAST CANCER COLONIZATION OF OSTEOBLASTIC
TISSUE

MC3T3-E1 pre-osteoblasts were inoculated into bioreactor cell growth chambers at 104 cells/cm2 and
were cultured for 120 days with medium changes to the medium reservoir every 30 days. After 120
days, osteoblast tissue was stained with Cell Tracker OrangeTM (Invitrogen, Carlsbad, CA) for live
confocal imaging to monitor osteoblast morphology throughout the experiment. MDA-MB-231GFP
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cancer cells were inoculated into the cell growth chambers containing osteoblast tissue at a 1:10 ratio
of breast cancer cells to osteoblasts (105 cancer cells/bioreactor). Cancer cells were observed using
confocal microscopy. ZA was added to bioreactor cell growth chambers in concentrations of 0.05
and 0.5 M after 72 hours, a time when the cancer cells and the osteoblasts were re-organizing into
files. Cultures were monitored for an additional 72 hours using confocal microscopy. On day 6,
bioreactors were disassembled and the film containing adherent osteoblast tissue was carefully cut
into pieces for various assays. Medium from the cell growth space and medium reservoir was also
collected for analysis.

2.10.2 THE EFFECTS OF COMBINATION ZOLEDRONATE AND DOCETAXEL ON BREAST CANCER
COLONIZATION OF OSTEOBLASTIC TISSUE
MC3T3-E1 pre-osteoblasts were inoculated into bioreactor cell growth chambers at 104 cells/cm2 and
were cultured for 120 days with medium changes to the medium reservoir every 30 days. After 90
days, 0.05 μM ZA was added to both bioreactor cell growth chambers and medium reservoirs of
cultures designated for drug pre-treatment. DOC was added to both bioreactor chambers at a
concentration of 0.1 μM for cells exposed to a combination therapy. At 36 and 48 hours, the contents
of the medium reservoir were exchanged to washout the DOC. After 72 hour exposure to the
treatment, osteoblasts were stained with Cell Tracker OrangeTM (Invitrogen, Carlsbad, CA) for live
confocal imaging to monitor osteoblast morphology throughout the experiment. MDA-MB-231GFP
cancer cells were inoculated into the cell growth chambers containing osteoblast tissue at a 1:10 ratio
of breast cancer cells to osteoblasts (105 cancer cells/bioreactor). Cancer cells were observed using
confocal microscopy. Cultures were monitored for an additional 6 days following the addition of
cancer cells. At the conclusion of the culture period, bioreactors were disassembled and the film
containing adherent osteoblast tissue was carefully cut into pieces for various assays. Medium from
the cell growth space and medium reservoir was also collected for analysis.

25

FIGURE 2.2 Bioreactor co-cultures. Schematic representation of the bioreactor cultures set up for
the experiments detailed in sections 2.10.1 (A) and 2.10.2 (B). Red lines represent osteoblast (OB)
tissue stained with Cell Tracker Orange and green lines represent breast cancer cells (BC) expressing
GFP.
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2.11 CYTOKINE ANALYSIS
Concentrations of the cytokines interleukin-6 (IL-6) and monocyte chemotactic protein-1 (MCP-1)
were quantified using a sandwich enzyme-linked immunosorbent assay (ELISA). Flat-bottom
Greiner® 96-well plates (Sigma-Aldrich, St. Louis, Missouri) were coated with capture antibody
(R&D Systems, Minneapolis, MN) at 2 μg/ml for IL-6 or 0.4 μg/ml for MCP-1, sealed with parafilm,
placed in a humidified container and incubated overnight at 4°C. Plates were washed 4 times at 1
minute each with PBS/Tween, pH 7.0 (500μl Tween 20 in 500 ml 1x PBS). The plates were blocked
for 2 hours at room temperature with 200μl 1% BSA (1g BSA dissolved in 100ml 1x PBS). Plates
were washed 3 times at 1 minute each with PBS/Tween. Samples and standards were added to the
plates in duplicate (100μl). Standards were applied by performing a serial 2-fold dilution, beginning
with 10ng/ml for IL-6 or 500pg/ml for MCP-1. Samples added for IL-6 were undiluted, and samples
added for MCP-1 were diluted 1:25. The plates were sealed with parafilm and incubated overnight in
a humidified container at 4°C. Plates were washed 4 times at 1 minute each with PBS/Tween.
Detection antibody (R&D Systems, Minneapolis, MN) at 100μL was added to each well at a
concentration of 0.025μg/ml for IL-6 or 100ng/ml for MCP-1. The plate was sealed with parafilm and
incubated for 2 hours at room temperature. Plates were washed 6 times at 1 minute each with
PBS/Tween and incubated with NuetrAvidinTM Horseradish Conjugate (100μl) for 30 minutes at
room temperature. Plates were washed 8 times at 1 minute each with PBS/Tween and incubated with
100μl ABTS peroxidase substrate (100μl 3% hydrogen peroxide in 10ml ABTS) for 60 minutes in the
dark and unsealed. The plates were read at 405 nm using an ELISA plate reader.

2.12 CONFOCAL MICROSCOPY
Cultures maintained in bioreactors were observed daily using an Olympus FV-300 laser-scanning
microscope (Olympus America Inc., Center Valley, PA) at 20x and 40x magnifications. Cell Tracker
OrangeTM was excited using a 543 nm helium-neon laser and collected through a 565 nm long-pass
filter. GFP was excited using a 488 nm argon laser and collected through 510 nm long-pass and 530
nm short-pass filters. The emission was split through a 570 nm dichroic long-pass filter. Adherent
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osteoblast tissue from disassembled bioreactors was fixed in 2.5% glutaraldehyde in PBS and stained
for actin filaments with Alexa Fluor 568 phalloidin stain (Invitrogen, Carlsbad, CA) for further image
analysis.
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CHAPTER 3. RESULTS

3.1 DRUG EFFECTS ON OSTEOBLAST PROLIFERATION
Osteoblast proliferation was measured by quantifying mitochondrial activity using an MTT assay.
MC3T3-E1 pre-osteoblasts were continuously treated with zoledronate at 0.05, 0.50 or 5.00

M

concentrations (Figure 3.1A) or docetaxel at 0.1, 1.0 or 10.0 µM concentrations (Figure 3.1B) for 24,
48 or 72 hours. Results are reported as average optical density at 570 nm with a background
subtraction of 650 nm, plus or minus standard deviation between triplicate samples. The percentages
reported are percent of control following 72 hour drug treatment.

Continous exposure to ZA at 0.50 and 5.00

M concentrations for 48 and 72 hours inhibited

osteoblast proliferation. Treatment with low concentration (0.05 M) ZA, however, did not result in
the same inhibition; the optical densities at all times were similar to the untreated controls.
Continuous exposure to DOC at all concentrations inhibited osteoblast proliferation, with significant
difference (p<0.001) between treated and untreated cultures at 48 and 72 hours.

3.2 DRUG EFFECTS ON OSTEOBLAST DIFFERENTIATION AND MINERALIZATION
Effects of ZA and DOC on osteoblast differentiation were measured by staining for alkaline
phosphatase production. Alkaline phosphatase is an enzyme linked to osteoblast differentiation.
Cells were cultured in differentiation medium for 17 days and then continuously treated with ZA at
0.05, 0.50 or 5.00 M concentrations (Figure 3.2, A-D) or DOC at 0.1, 1.0 or 10.0 µM concentrations
(Figure 3.3, A-D) for an additional 7 days. The culture dish was scanned to generate images of the
tissue.

ZA at 5.00 M (Figure 3.2D) exhibited relatively strong inhibitory effects on alkaline phosphatase
production. Treatment of osteoblasts with 0.05 µM (Figure 3.2B) or 0.50 µM (C) resulted in minimal
changes in alkaline phosphatase production compared to untreated cultures (A).
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FIGURE 3.1 Effect of zoledronate and docetaxel on osteoblast proliferation. MC3T3-E1 were
plated at 104 cells/cm2, incubated overnight, and treated with ZA at 0.05, 0.50 and 5.00 µM (A) or
DOC at 0.1, 1.0 and 10.0 M concentrations (B) for 24, 48, and 72 hours (control cells were
untreated). Cell proliferation was assessed with an MTT assay. Results are reported as mean ± SEM,
n=3. Significant difference from control was assessed using a two-way ANOVA: *p<0.01, **p<0.001.
Percentages are of control after 72 hour treatment with ZA or DOC.
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FIGURE 3.2 Effect of zoledronate on osteoblast differentiation and mineralization. MC3T3-E1
were plated at 104 cells/cm2 in differentiation medium and allowed to grow for 14 days (A-D) or 28
days (E-H) with periodic medium changes. Cells were then continuously treated with ZA at 0.05
(B,F), 0.50 (C,G) and 5.00 (D,H) µM concentrations for 8 days. Control cells (A,E) were untreated.
Cell differentiation was assessed by alkaline phosphatase activity (A-D). Mineralization was
determined with a Von Kossa stain (E-H).
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Similar effects on differentiation were observed in DOC-treated cultures. DOC at 10.0 µM (Figure
3.3D) inhibited the production of alkaline phosphatase, while treatment with 0.1 µM (B) or 1.0 µM
(C) had minimal inhibitory effects compared to untreated cultures (A). During the staining procedure,
it was noted that the tissue layer in the DOC-treated cultures was particularly delicate. Areas where
portions of the tissue detached from the culture dish can be seen in Figure 3.3B and C.

Drug effects on mineralization were assessed by a Von Kossa stain for calcium phosphate and
calcium carbonate salt deposits. Von Kossa’s stain indirectly measures calcium in mineralized tissue.
MC3T3-E1 were cultured in differentiation medium for 28 days and continuously treated for 8 days
with ZA at 0.05, 0.50 or 5.00 M concentrations (Figure 3.2, E-H) or DOC at 0.1, 1.0 or 10.0 µM
concentrations (Figure 3.3, E-H). Images of the stained tissue were taken with a digital camera.

All concentrations of ZA disrupted osteoblast mineralization (Figure 3.2, F-H) when compared to
controls (E). Small amounts of mineralization were detected in cultures treated with 0.05 µM (F) and
0.50 µM (G) ZA. There was no evidence of mineralization in cultures treated with 5.00 µM ZA (H).

Inhibition of osteoblast mineralization was more profound in cultures treated with DOC. There was
no evidence of mineralization in cultures treated with 0.1 µM (Figure 3.3F), 1.0 µM (G) or 10.0 µM
(H) DOC concentrations when compared to the untreated control (E).

3.3 DOCETAXEL EFFECTS ON BREAST CANCER CELL PROLIFERATION
Treatment of MDA-MB-231GFP metastatic breast cancer cells with DOC at 0.1, 1.0 or 10.0 µM
concentrations for either 24 or 72 hours inhibited cancer cell proliferation (Figure 3.4).

3.4 EFFECTS OF ZOLEDRONATE ON BREAST CANCER COLONIZATION OF OSTEOBLASTIC TISSUE
MC3T3-E1 pre-osteoblasts were cultured in the bioreactor for 120 days with medium changes to the
medium reservoir every 30 days. The osteoblast tissue was then challenged with metastatic breast
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FIGURE 3.3 Effect of docetaxel on osteoblast differentiation and mineralization. MC3T3-E1
were plated at 104 cells/cm2 in differentiation medium and allowed to grow for 14 days (A-D) or 28
days (E-H) with periodic medium changes. Cells were then continuously treated with DOC at 0.1
(B,F), 1.0 (C,G) and 10.0 (D,H) µM concentrations for 8 days. Control cells (A,E) were untreated.
Cell differentiation was assessed by alkaline phosphatase activity (A-D). Mineralization was
determined with a Von Kossa stain (E-H).
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FIGURE 3.4 Effect of docetaxel on breast cancer cell proliferation. MDA-MB-231GFP were plated
at 0.5x104 cells/cm2 in breast cancer cell growth medium. Following overnight incubation, cells were
exposed to DOC at 0.1, 1.0 and 10.0 μM concentrations. DOC was administered in either a chronic
dose (72 hour exposure to DOC) or a pulse dose (24 hour exposure to DOC followed by 48 hours in
growth medium). After 72 hours, viable cell number was determined with a trypan blue stain. Results
are reported as the average viable cell number between duplicate cultures.
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cancer cells. Cancer cells were observed to colonize the tissue and organize into linear files after 48
hours, at which time ZA was added to the cultures in 0.05 and 0.5 M concentrations. Cultures were
maintained and monitored using confocal microscopy for an additional 72 hours. Confocal images
show breast cancer cells expressing green fluorescent protein (green) and osteoblasts stained with
Cell Tracker Orange or Alexa Fluor 568 phalloidin (red).

In untreated bioreactors, cancer cells were observed to form large colonies within the osteoblast tissue
(Figure 3.5A) and align into distinctive files (D). Treatment with ZA reduced the formation of breast
cancer cell colonies (Figure 3.5, compare A with B,C) and disrupted the alignment of breast cancer
cells within the osteoblast tissue (Figure 3.5, compare D with E,F). In ZA-treated bioreactor cocultures, some of the breast cancer cells appeared ruptured or fragmented (Figure 3.6). Breast cancer
cell lysis was observed in cultures treated with 0.05 µM ZA (Figure 3.6A) and 0.50 µM ZA (B).

Treatment of cultures with ZA also affected osteoblasts. Osteoblasts challenged with breast cancer
cells undergo morphological changes associated with cancer progression [80]. In the absence of
cancer cells, osteoblasts assume a cobblestone-like morphology (Figure 3.5G). In the presence of
cancer cells, osteoblasts become more spindle-shaped (H – bottom cell layer). Osteoblasts in cultures
treated with ZA (I – bottom cell layer) retained the characteristic cuboidal shape observed in the
untreated culture.

These results are summarized in the table in Figure 3.5. In addition to disrupting colony formation
and alignment, ZA also inhibited the penetration of breast cancer cells through the multiple-layer
osteoblast tissue. This result was verified by imaging the cultures at various depths (z stacks) and
compiling the images into a video (results not shown).

Media from the bioreactors was collected and assayed for variations in cytokine expression (Figure
3.7). Samples were collected prior to the inoculation of breast cancer cells (Before BC), prior to the
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Culture Conditions
Experimental Parameter
OB + BC

OB + BC +
0.05 µM ZA

OB + BC +
0.50 µM ZA

BC Colony Formation

+++

+

++

BC Alignment

+++

+

++

Spindle-shaped OB Morphology

+++

+

++

Tissue Penetration

+++

+

++

Figure 3.5 Qualitative analysis of the effects of zoledronate on MDA-MB-231 metastatic breast
cancer cell (BC) colonization of osteoblast (OB) tissue. Cancer cells (green) were observed to
penetrate and colonize OB tissue (red) in the bioreactor (A,D,H). Addition of ZA to co-cultures in
the bioreactor resulted in reduced BC colony formation (B – 0.05 M ZA, C – 0.50 M ZA, 24 hr
exposure) and disruption of BC alignment with OB tissue (E – 0.05 M ZA, F – 0.50 M ZA, 48 hr
exposure). ZA delayed BC penetration of OB tissue (table) and OB retained characteristic cuboidal
shape (I – 0.05 M ZA, 72 hr exposure) consistent with controls (G). Scale bar = A-F: 100 M, G-I:
50 M.
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Figure 3.6 Lysis of metastatic breast cancer cells in zoledronate treated cultures. Cancer cells
(green) were observed to lyse or rupture in cultures treated with zoledronate. A – 0.05 µM ZA, 24 hr
exposure. B – 0.50 µM ZA, 24 hr exposure. C – 0.50 µM ZA, 48 hr exposure. Scale bar = 50 M.
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administration of zoledronate (3-day BC exposure, before ZA), and following 3 days of treatment
with zoledronate (3-day ZA exposure). Concentrations of MCP-1 and IL-6 were quantified using a
sandwich ELISA.

While variations exist between samples at the various time points, little variation exists between
samples from the different cultures. Previous studies show that cells in the bioreactor respond to the
breast cancer cells by increasing the expression of inflammatory cytokines [34]. This increase was not
observed in samples obtained from the bioreactor. MCP-1 expression was lowest at all time points in
the untreated co-culture (Figure 3.7, OB+BC), and IL-6 expression in the culture exposed to just
cancer cells (OB+BC) was similar to expression in the culture of osteoblasts only (OB).

3.5 EFFECTS OF ZOLEDRONATE AND DOCETAXEL ON BREAST CANCER COLONIZATION OF
OSTEOBLASTIC TISSUE
MC3T3-E1 pre-osteoblasts were inoculated into bioreactor cell growth chambers at 104 cells/cm2 and
were cultured for 120 days with medium changes to the medium reservoir every 30 days. After 120
days, 0.05 μM ZA was added to both bioreactor cell growth chambers and medium reservoirs of
cultures designated for drug pre-treatment. DOC was added to both bioreactor chambers at a
concentration of 0.1 μM for cells exposed to a combination therapy. At 36 and 48 hours, the contents
of the medium reservoir were exchanged to washout the DOC. After 72 hour exposure to the
treatment, osteoblasts were stained with Cell Tracker OrangeTM. MDA-MB-231GFP cancer cells were
inoculated into the cell growth chambers containing osteoblast tissue at a 1:10 ratio of 105 cancer
cells/bioreactor. Cultures were observed using confocal microscopy.

Cancer cells were observed to colonize throughout and align along osteoblasts in the bioreactor that
received no treatment (Figure 3.8A, D). Pre-treatment of the osteoblasts with ZA resulted in reduced
colony formation (Figure 3.8B) and slight disruption of alignment, though some alignment was
observed (E).
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FIGURE 3.7 Cytokine expression. Bioreactors were inoculated with MC3T3-E1 pre-osteoblasts at
104 cells/cm2 and allowed to mature for 120 days. Cells were stained with Cell Tracker Orange and
then MDA-MB-231GFP metastatic breast cancer cells were added at 1x105 cells/bioreactor. Cancer
cells were allowed to colonize the osteoblast tissue for three days. After three days, ZA was added to
the cultures at 0.05 and 0.50 M concentrations for 3 days. The bioreactors were then disassembled
and the supernatants analyzed for MCP-1 and IL-6 using a sandwich ELISA. (§ indicates value below
the detectable limit).
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Figure 3.8 Qualitative analysis of the effects of zoledronate and docetaxel on MDA-MB-231
metastatic breast cancer cell (BC) colonization of osteoblast (OB) tissue. Cancer cells (green)
colonized and progressed throughout OB tissue (red) in the bioreactor (A,D). Bioreactors were treated
with 0.05 M ZA alone or a combination of 0.05 M ZA + 0.1 M DOC with a DOC washout after
36 hours (see Materials and Methods for dosing regimen). Images captured 6 days following initial
drug treatment. Pre-treatment of osteoblasts in the bioreactor with ZA resulted in reduced BC colony
formation (B) and slight disruption of BC alignment with OB tissue (E). The combination ZA + DOC
treatment inhibited BC colony growth (C) and prevented BC alignment (F). Scale bar = 50 M.
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Figure 3.9 Differences in breast cancer cell colony distribution between untreated and
zoledronate-treated bioreactor cultures. Images captured 10 days following initial drug treatment.
Untreated OB and BC co-cultures exhibited widespread BC colonies that overtook the majority of the
culture (A, B). Cultures treated with 0.05 M ZA exhibited more concentrated colonies, with BCs
stacked upon one another rather than spread throughout the culture (C, D – different confocal planes
showing stacked BCs within colonies). Untreated cultures also displayed long BC processes
extending between cancer cells (E, F, G) that were not observed in ZA-treated bioreactor cultures.
Scale bar = 50 M.
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Pre-treatment with a combination of ZA and DOC resulted in complete inhibition of breast cancer cell
growth (Figure 3.8C) and organization (F). No breast cancer cell aggregates were observed in the
culture exposed to both drugs.

Comparison of the untreated osteoblast-cancer cell co-cultures with the culture pre-treated with ZA
revealed differences in cancer cell colony distribution. Colonies in the untreated culture were large
and spread throughout the majority of the osteoblast tissue (Figure 3.9A, B). Colonies in the ZAtreated culture were more concentrated, with more cancer cells stacked upon one another than spread
throughout the culture. Figure 3.9C and D are images of different cell layers of a cancer cell colony.

Cancer cells in untreated cultures also exhibited long cell extensions (processes) that interconnected
colonies (Figure 3.9E-F). These extensions were not observed in ZA-treated or ZA+DOC-treated
bioreactor cultures.

Breast cancer cells exposed to the combination treatment exhibited irregular morphologies (Figure
3.10). Cultures were observed to contain ruptured or fragmented cancer cells (A – arrows) as well as
cancer cells surrounded by a trail of fluorescent matter (B – arrow). Cancer cells also displayed highly
irregular membranes (C, D) with a “ruffled” appearance.
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Figure 3.10 Breast cancer cell morphology in cultures with combination zoledronate and
docetaxel treatment. Images captured 9 (A,C) and 10 (B, D) days following initial drug treatment
with 0.05 M ZA + 0.1 M DOC (see Materials and Methods for dosing regimen). Cultures were
observed to contain ruptured cancer cells (A, arrows) as well as trails of fluorescent matter near BCs
(B, arrow). BC membranes were highly irregular and invaginated (C, D). Scale bar = A, C: 100 M,
B, D: 50 M.
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CHAPTER 4. DISCUSSION

4.1 SUMMARY
The purpose of this study was to characterize the effects of a bisphosphonate, zoledronate, and a
taxane, docetaxel, on osteoblasts in vitro and osteoblasts challenged with metastatic breast cancer
cells in a compartmentalized bioreactor. The effects of these drugs on osteoblast proliferation,
differentiation, and mineralization were examined to determine candidate concentrations to be used in
bioreactor cell cultures. Ideal concentrations would minimally inhibit osteoblast function but prohibit
cancer cell growth.

In this study, zoledronate was observed to have a notable effect on osteoblast proliferation,
differentiation and mineralization.

Treatment of sub-confluent MC3T3-E1 osteoblasts with ZA

yielded a dose-dependent effect on proliferation (Figure 3.1A), with higher concentrations of ZA
inhibiting cell proliferation. Treatment with 0.50 M ZA for 72 hours resulted in an approximate 25
percent reduction in osteoblast number, while treatment with 5.00 M ZA for the same time inhibited
proliferation by approximately 50 percent of the control. Exposure to a lower dosage (0.05 M) of
ZA had no statistically significant effect on osteoblast proliferation.

Continuous treatment of 17- and 28-day old differentiated osteoblasts with ZA for one week resulted
in decreased alkaline phosphatase production and calcium deposition, respectively (Figure 3.2). A
continuous dose of ZA at 5.00 M led to a reduction in alkaline phosphatase (Figure 3.2D), while
lower concentrations had little effect (Figure 3.2, B-C). All tested concentrations of ZA inhibited
mineralization (Figure 3.2, F-H).

Treatment of osteoblasts with docetaxel also produced inhibitory effects on osteoblast proliferation,
differentiation, and mineralization. All tested concentrations of DOC inhibited cell proliferation, with
an approximate 80 percent reduction in cell number (Figure 3.1B). This was expected, since taxanes
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function to prohibit the growth of dividing cells. All concentrations of docetaxel were also observed
to inhibit the growth of metastatic breast cancer cells (Figure 3.4).

Continuous treatment of differentiated osteoblasts with DOC for one week resulted in decreased
alkaline phosphatase production and mineralization. Treatment of osteoblasts with a high dose (10.0
µM) of DOC led to a reduction in alkaline phosphatase (Figure 3.3D), but lower concentrations
minimally affected differentiation. Cell monolayers in cultures treated with 0.05 µM (Figure 3.3B)
and 0.5 µM (C) DOC concentrations were delicate, with portions of the adherent cell layer detaching
from the culture dish. This data suggests that DOC may affect cell adhesion through mechanisms
involving microtubules. Osteoblast mineralization was inhibited at all DOC concentrations (Figure
3.3, F-H).

Exposure of three-month osteoblasts grown in the bioreactor and challenged with metastatic breast
cancer cells delayed the progression of cancer cells within the osteoblast tissue and temporarily
maintained osteoblast tissue integrity (Figure 3.5). ZA treatment reduced the formation of breast
cancer colonies (Figure 3.5, A-C) and inhibited breast cancer cell penetration of osteoblast tissue
(Figure 3.5, table). Exposure of cancer cells to ZA also disrupted cancer cell alignment within the
osteoblast tissue (Figure 3.5, D-F). In addition, ruptured or fragmented cancer cells were observed in
cultures treated with ZA (Figure 3.6). These results suggest that ZA is capable of directly affecting
cancer cells by means other than osteoclast-mediated mechanisms.

Cultures pre-treated with ZA differed in the distribution of cancer cells within colonies when
compared to untreated co-cultures. Cancer cells in untreated cultures formed expansive colonies over
large portions of the osteoblastic tissue (Figure 3.9A, B), whereas cancer cells in ZA-treated cultures
formed more concentrated colonies, with cancer cells stacked upon one another (Figure 3.9C, D).
This observation suggests that pre-treatment of osteoblastic tissue with ZA may protect bone from the
progression of breast cancer metastasis. This is supported by the absence of breast cancer cell
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processes in ZA-treated cultures (Figure 3.9, E-G – processes extending between colonies in
untreated cultures). Osteoblasts in ZA-treated cultures also retain the characteristic cuboidal
morphology of cultures without breast cancer cells (Figure 3.5I) – further evidence for a protective
role of ZA.

Pre-treatment of osteoblastic tissue with a combination of ZA and DOC completely inhibited breast
cancer cell colony formation (Figure 3.8C). No breast cancer cell aggregates were observed in
cultures exposed to the combination therapy. Cultures treated with ZA and DOC contained ruptured
or fragmented cancer cells (Figure 3.10A). Trails of fluorescent matter were also observed (Figure
3.10B), indicating a potential disruption of cancer cell function or motility. This is supported by
previous studies that reported inhibitory effects on tumor cell adhesion and invasion by
bisphosphonates [49]. Breast cancer cells also exhibited highly irregular cell membranes (Figure
3.10C, D), which further supports these observations.

These results indicated that concentrations of zoledronate that minimally affect osteoblast function
are capable of delaying breast cancer progression throughout bone. Furthermore, administration of
zoledronate adjuvant to the chemotherapy drug docetaxel results in synergistic antitumor effects. This
study has shown that the bioreactor is a useful device for the study of drug effects on the early stages
of breast cancer cell interactions with bone tissue.

4.2 LIMITATIONS TO THE STUDY
There are limitations to both the data collected in this study and the methods used. The relatively
short observation period for the proliferation studies may have masked the inhibitory effects of
zoledronate over time. Other in vitro studies indicate that low concentrations (10 nM) of ZA do not
significantly inhibit osteoblast proliferation until after 7 days of continuous culture [63].
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Additionally, little is known about the adsorption kinetics of bisphosphonates. It is unclear whether
ZA treatment of osteoblasts challenged with cancer cells in the bioreactor resulted in a true delay of
breast cancer progression or occurred due to diffusion of ZA from the growth chamber to the medium
reservoir. At this time, there is no method to determine whether ZA adsorbed to the osteoblastic
tissue. Assuming no adsorption, the upper-bound concentration of ZA in the medium can be
calculated by accounting for the 6:1 partitioning of the dialysis membrane between the medium
reservoir and the cell growth chamber. Over time, the initially administered 0.05 M and 0.5 M ZA
concentrations would have reached 7 nM and 70 nM, respectively.

The cytokine expression data cannot be interpreted at this time. Previous data shows that osteoblasts
respond to breast cancer cells by increasing the expression of the inflammatory cytokines MCP-1 and
IL-6 [34]. This increase was not observed in samples obtained from the bioreactor. Without the
establishment of consistent controls, conclusions cannot be drawn about the effects of ZA on cytokine
expression.

There are also limitations to using the bioreactor for cell culture studies involving drug testing. These
limitations are summarized in Figure 4.1. Extended culture periods can result in the seal or partial
closure of luer taper ports, which creates tension when medium is removed from the growth chamber
to add cancer cells or a drug treatment. This tension can disrupt osteoblast adherence to the Surlyn
film and compromise the integrity of the osteoblast tissue (Figure 4.1A). Osteoblasts lose their
characteristic cuboidal morphology and no longer appear confluent. It is difficult then to differentiate
the effects of the added drug solutions and the effects of disrupting the culture environment.

Increased manipulation of the cell growth chamber as a result of multiple drug treatments or complex
dosing regimens also increases the risk of culture contamination, which may further compromise
osteoblast integrity (Figure 4.1B). Contamination was observed in the control (osteoblast only) and
ZA-treated osteoblast cultures (no cancer cells) established for the combination therapy experiment.
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FIGURE 4.1 Limitations of bioreactor cell
culture. Extended culture periods can result in the
seal or partial closure of luer taper ports, which
creates tension when medium is removed from the
growth chamber to add cancer cells or a drug
treatment. This tension can disrupt osteoblast
adherence to the Surlyn film and compromise the
integrity of the osteoblast tissue (A). Increased
manipulation of the cell growth chamber as a
result of multiple drug treatments or complex
dosing regimens increases the risk of culture
contamination, which may further compromise
osteoblast integrity (B). These events make it
difficult to differentiate between the impact of the
treatment and the effects of the disruption.
Cultures are also difficult to monitor with
confocal microscopy because heat from the laser
causes the Surlyn film to deform and prevents the
establishment of a consistent focal plane (C).
Scale bar = 100 M.
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Furthermore, this disruption in osteoblastic tissue changes the characteristics of breast cancer cell
interactions in untreated cultures, making it difficult to establish a positive control. Figure 4.2 shows
two images taken from the same cell culture in which some areas of the osteoblastic tissue were
compromised by tension created in the growth chamber but other areas remained intact. Breast cancer
cells were observed to form larger colonies within areas of compromised osteoblast tissue (Figure
4.2A) than in areas of intact tissue (B).

Cultures are also difficult to monitor with confocal microscopy because heat from the laser causes the
Surlyn film to deform and prevents the establishment of a consistent focal plane (Figure 4.1C). The
confocal image in Figure 4.1C displays the presence of cancer cells on portions of the membrane
where osteoblasts are not detected. Because at this time quantitative analysis of cancer cell and
osteoblast interactions are the predominant endpoint of these experiments, drawing conclusions from
experiments is challenging.

Lastly, the MC3T3-E1 murine osteoblast line may not be ideal for three-dimensional culture in the
bioreactor. One study found significant variations in the expression of osteogenic markers from
normal human osteoblasts (NHOSTs) and murine osteoblasts (MC3T3-E1) in three dimensions that
were not observed in two dimensions [86]. Osteogenesis increased in human cells when cultured on
three-dimensional scaffolds but decreased in murine cells.

4.3 FUTURE DIRECTIONS
Future studies should aim to extract more quantitative conclusions from the bioreactor cell cultures.
RNA isolated from bioreactor cultures can be analyzed for the expression of osteocalcin, Type I
collagen, and other osteoblast proteins. This analysis was not performed in this study because a
method of distinguishing between murine and human RNA needed to be developed. Primers have
now been designed to perform this analysis.
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FIGURE 4.2 Breast cancer cell colonization of intact and compromised osteoblastic tissue. In
the same bioreactor co-culture, cancer cells form larger colonies within areas of compromised
osteoblast tissue (A) than in areas of intact osteoblast tissue (B). Scale bar = 100 M.
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The appearance of fragmented cancer cells suggests that analysis of cancer apoptosis may be
valuable. Imaging apoptotic cells in the bioreactor has been hindered by the lack of colors available
for detecting apoptotic cells, since GFP (green) and Cell Tracker Orange (red) are already being used
in bioreactor cultures.

Additionally, it would be interesting to observe the interactions of a bisphosphonate with osteoblasts
directly in the bioreactor. A recent study has reported the development of a fluorescent
bisphosphonate analog of pamidronate [87]. Addition of this fluorescent bisphosphonate to the
bioreactor could also be used to study adsorption of the drug to the bone mineral.

Finally, developing a new method for adding these drugs to the bioreactor cell growth chambers
would minimize contamination and disruption of the osteoblast cultures. One possibility would be to
incorporate a flow loop that connects the luer taper ports into which the drug could be introduced.
Another potential modification would involve developing a different way to access the ports without
removing them – possibly by using a syringe. Modifications of this kind would allow for further drug
testing and more complex combinations, which may lead to improvements in the understanding of
treatments for breast cancer bone metastasis.

4.4 CONCLUSIONS
This is the first study to monitor the effects of a bisphosphonate and a taxane on breast cancer
progression throughout osteoblastic tissue in vitro in real-time. This is also the first study to report
variations in breast cancer cell colony distribution between untreated and bisphosphonate-treated cell
cultures. While it is widely accepted that bisphosphonates have antitumor effects, the mechanisms
behind these effects are not well documented. A better understanding of the interactions of
bisphosphonates with tumor cells in the bone environment may lead to new developments in the
administration of the drugs adjuvant to chemotherapy. If bisphosphonates can cause significant
reductions in tumor burden, patients with bone metastases could potentially receive a smaller dose of
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chemotherapeutic agent, thereby reducing the negative systemic effects of the drugs. Furthermore, if
bisphosphonates are capable of protecting the bone from tumor progression, patients with malignant
disease that has not yet metastasized to the bones may be administered this bone-directed therapy to
prevent or delay bone metastasis. By monitoring bisphosphonate interactions with osteoblast tissue
and breast cancer cells in the absence of osteoclasts, these mechanisms may be uncovered.
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› Challenged bone model with metastatic breast cancer cells to observe breast cancer
colonization and reorganization of osteoblastic tissue.
› Investigated the effects of a bisphosphonate and a taxane on a model of breast cancer
metastasis to bone.
Defended thesis to research and thesis advisors (April 12, 2010).
Assisted in the isolation of tibias and femurs from mice for other research projects conducted
by the lab group.
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The Ronald E. McNair Summer Undergraduate Research Program, The Pennsylvania State
University, University Park, PA
Summer 2009
• Characterized the effects of a bisphosphonate on osteoblasts in conventional tissue culture
and osteoblasts challenged with breast cancer cells in a compartmentalized bioreactor.
Summer 2008
• Observed and quantified the effect of a bisphosphonate and taxane on osteoblast proliferation
and differentiation.
TEACHING EXPERIENCE
Graduate Teaching Assistant
Spring 2010
Surfaces and the Biological Response to Materials, The Pennsylvania State University
• Grade homeworks and exams in a timely manner.
• Assist professor in lecturing and developing supplemental lecture materials.
Teaching Assistant
Fall 2008 – Fall 2009
Introductory Physiology Laboratory, The Pennsylvania State University
• Prepared pre-laboratory lectures and post-laboratory study guides for three course sections.
• Taught laboratory techniques through experiments demonstrating basic physiological
principles, including animal laboratories.
• Graded quizzes and writing assignments in a timely manner and helped students during
weekly office hours.
• Developed academic writing tutorial.
• Advised students in selecting courses and searching for research and internship opportunities.
Laboratory Assistant
Spring 2008
Introduction to Engineering Design, The Pennsylvania State University
• Assisted in the development, revision and grading of design presentations, working
prototypes, and Solidworks models.
Facilitator
Fall 2007 – Spring 2008
Women in Engineering Program, The Pennsylvania State University
• Facilitated study groups for introductory chemistry, physics and mathematics courses.
Intern
Fall 2007 – Spring 2008
Chemistry Department, The Pennsylvania State University
• Constructed a general chemistry laboratory curriculum based on the research of George
Washington Carver.
• Implemented the curriculum in the form of a make-up laboratory.
• The laboratory has since been expanded and incorporated into the curriculum of an honors
general chemistry course.
• Organized and managed inventory in the chemistry stockroom.
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PUBLICATIONS AND PRESENTATIONS
Publications
Miller, Genevieve (forthcoming). “Bisphosphonate effects on breast cancer colonization of threedimensional osteoblastic tissue.” The Pennsylvania State University McNair Scholars Journal.
Miller, Genevieve. 2008. “Bisphosphonate and taxane effects on osteoblast proliferation and
differentiation.” The Pennsylvania State University McNair Scholars Journal.
Oral Presentations
G. N. Miller, V. Krishnan, A. M. Mastro, and E. A. Vogler. Bisphosphonate Effects on Breast
Cancer Colonization of Three-Dimensional Osteoblastic Tissue. The Society for Biomaterials
2010 Annual Meeting and Exhibition. April 21-24, 2010. Seattle, WA.
“An In Vitro Model for Cancer Colonization of Bone.” Presentation for classroom cut of
Rethinking PowerPoint, a documentary by filmmaker Ron Galloway.
G. N. Miller. The effect of a bisphosphonate, zoledronic acid, on osteoblasts in vitro. Penn State
McNair Summer Research Conference. July 17-19, 2009. University Park, PA.
“Bisphosphonate and taxane effects on breast-cancer cell colonization of osteoblast tissue.”
Presentation offered at McNair and Summer Research Opportunities Program (SROP) Alumni
Gathering, March 26, 2009.
“An In Vitro Model for Cancer Colonization of Bone.” Presentation for the Leonhard Center for
Enhancement of Engineering Education, January 8, 2009. Presentation at http://www.engr.psu.
edu/speaking/VISUAL-AIDS.html.
G. N. Miller. Bisphosphonate and taxane effects on osteoblast proliferation and differentiation.
Penn State McNair Summer Research Conference, July 18-20, 2008. University Park, PA.
Poster Presentations
G. N. Miller, V. Krishnan, A. M. Mastro, and E. A. Vogler. Bisphosphonate Effects on Breast
Cancer Colonization of Three-Dimensional Osteoblastic Tissue. The IX International Meeting on
Cancer-Induced Bone Disease. October 29-30, 2009. Arlington, VA.
G. N. Miller, V. Krishnan, A. M. Mastro, and E. A. Vogler. Bisphosphonate Effects on Breast
Cancer Colonization of Three-Dimensional Osteoblastic Tissue. Biomedical Engineering Society
Annual Fall Scientific Meeting. October 7-9, 2009. Pittsburgh, PA.
“The Chemurgy of Peanuts.” Poster session offered by the Department of Chemistry, The
Pennsylvania State University, December 12, 2007.
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LEADERSHIP/SERVICE
Ronald E. McNair Post-Baccalaureate Achievement Program
Spring 2007 - present
• Participate in weekly professional development workshops and seminars related to graduate
school preparation.
• Fulfill program requirements, including maintaining a 3.0 GPA, enrolling in a research
methodology course, and participating in a nine-week summer research internship.
Biomedical Engineering Society, Treasurer
Fall 2009 - Spring 2010
• Organize workshops for students interested in graduate studies, medical school, or industry.
› Developed and lead “Graduate School Portfolio” workshop, September 30, 2009.
• Coordinate volunteer activities including American Red Cross blood drives.
• Manage finances and member dues on both local and national levels.
Engineering Ambassadors Program
Summer 2009 - present
• Develop engineering presentations for students in math and science courses at Pennsylvania
high schools, with a goal of promoting science and engineering to women.
• One of two students to develop presentation for pilot visits during Summer 2009 and present
results of pilot to College of Engineering administrators.
• Ambassador Presentations:
› Biocompatibility
 Biology students at Bald Eagle Area High School (pilot).
› Engineering the Human Body
 Advanced Placement (AP) Physics students at State College High School
 AP Chemistry, AP Biology, and engineering drawing students at Moon Area
High School
 Chemistry and biology students at Montour High School
 Ecology and biology students at Bald Eagle Area High School.
› Engineering Career Opportunities presented to 9th and 10th grade girls at MTM
Engineering Camp for Girls, Penn State.
› Engineering Structures – 8th grade science students at the Milton Hershey School.
• Developed presentations highlighting careers in engineering for student assemblies at the
visited schools.
• Developed “Careers in Engineering” presentation for the Accepted Student Program, Penn
State College of Engineering.
Volunteer, Upward Bound
Summer 2009
• Developed a workshop to guide high school students in the presentation of their summer
research projects conducted at Penn State.
University Service
• Student representative for Accreditation Board for Engineering and Technology (ABET)
evaluators during program review.
• Student representative for Bioengineering Department Independent Professional Advisory
Council (IPAC).
• Student panelist for bioengineering freshman seminar courses.
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SKILLS AND CERTIFICATIONS
Public speaking for engineers.
• Proficient in use of assertion-evidence slide design for scientific presentations.
› Alley M, Neely KA. Rethinking the Design of Presentation Slides: A Case for
Sentence Headlines and Visual Evidence. Technical Communication 2005; 52 (4):
417-426(10).
• Slides designed during course are now used by course instructors as strong examples.
• Developed examples of “bad” and “good” slides for an article on PowerPoint in The Scientist.
• Presentation developed for educational web resource sponsored by The Leonhard Center for
the Enhancement of Engineering Education exhibited at http://www.engr.psu.edu/speaking/
VISUAL-AIDS.html.
• Presentation delivered for documentary “Rethinking PowerPoint” by Ron Galloway.
Basic cell culture techniques.
Chemical storage and waste management training.
IACUC and occupational health training for classroom use of animals.
WORK EXPERIENCE
Lab Assistant, Work Study
Fall 2009 – Spring 2010
Department of Biochemistry and Molecular Biology, The Pennsylvania State University
• Performed routine lab maintenance and assisted in retrieving literature from library/internet.
Grader
Fall 2007 – Spring 2008
Differential Equations, The Pennsylvania State University
• Graded papers in a timely fashion for multiple course sections.
• Organized and taught review sessions before midterm and final examinations.

