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ABSTRACT

Breast cancer is an increasingly common disease, with 1 in 10 women in the United
States receiving a diagnosis of the disease during their lifetime. Taken alone, cancer of the breast
is not particularly dangerous, however the tendency of this cancer to metastasize and move to
other areas of the body greatly increase its mortality rate. The availability of breast cancer cell
lines with varying migratory behavior make these cells useful models for studying molecular
mechanisms of cellular motility.

One mechanism hypothesized to contribute to this motility has been increasingly studied
in the past two decades. The discovery of a specific subset of microtubules in the cell which
originate, or nucleate, at the Golgi have been the focus of this research. These structures have
been linked to the transport of signaling molecules and proteins which interact with the extra
cellular matrix. Due to their ability to polarize, these microtubules can deliver intracellular cargo
directly to the leading edge of the cell, implicating them in directed cell migration.

Recent work by Laura Zahn in our lab has revealed an increased presence of these
microtubules nucleated at the Golgi in cells with aggressive migratory behavior and cells treated
with the chemotactic epidermal growth factor (EGF). Immunofluorescence microscopy was
utilized for these observations. The objective of this thesis was to continue testing this hypothesis
by observing the role of these microtubules in cell migration. This was accomplished utilizing
pharmacological agents targeting the Golgi and microtubules to determine their effects on
migration with a scratch wound assay. A secondary objective of this study was to determine if
the morphology of the cells or organization of the Golgi and microtubules within the cell

correlated to migratory behavior.
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The migratory behavior of the less invasive MCF7 cell line was slightly reduced by the
disruption of its Golgi with brefeldin-A (BFA) treatment, but not depolymerization of its
microtubules with nocodazole treatment. However, the more invasive MDA-MB-231 cell line
was significantly impacted by both of these disruptions. Supplementation with the chemotactic
factor EGF had mixed effects. This treatment returned Golgi-disrupted migratory behaviors to
levels nearly that of control cells. However, this treatment was unable to rescue the cells from
their inhibited migratory behavior caused by global microtubule depolymerization induced by
nocodazole treatment.

The morphology of the MDA-MB-231 cells was also affected by disruption of these
structures. Treatment with either pharmacological reagent caused cells to lose adhesion to the
matrix beneath the cells, causing them to round. This change in morphology, which was rescued
with EGF supplementation, is associated with a significant reduction in migratory behavior

The results of this study build support for the current hypothesis that the Golgi-nucleated
subset of microtubules play a critical role in directed cell migration, especially in a highly
invasive cell type. It is likely that the disruption of these structures prevents polarized delivery of

intracellular cargo, including the EGF receptor, affecting directional migration.
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CHAPTER I

Introduction

Written records of the occurrence of breast cancer date to the 30" century B.C. Early
accounts describe the look and feel of the breast afflicted with this cancer (Lakhtakia, 2014).
With invention of the microscope, descriptions of the cellular pathology of breast cancer
developed in the 19 and 20™ centuries (Lakhtakia and Chinoy, 2014). In 1713, Bernandino
Ramazzini published his work on occupational related afflictions, observing that the incidence of
cervical cancer in nuns was almost non-existent, however the incidence of breast cancer was
very high in this same population (Ramazzini, 2001; Louis et al., 2015). This would later be
ascribed to the fact that the nuns were not childbearing, so higher levels of estrogen in their
bodies likely resulted in an increased incidence of breast cancer, as compared to the child-
bearing women of the time. The foundation for elucidating the molecular mechanism of many
forms of breast cancer was the discovery of estrogen receptors in certain breast cancers by
Elwood Jensen (Jensen, 1975).

The formation of a cellular mass at the breast is not especially dangerous, however the
metastatic potential of these cancers greatly increases their rates of mortality due to the alteration
of the function of the organs to which they migrate. Many factors influence the ability of cells to
travel in this way, including growth factors, hormones and other signaling molecules within the
body.

With recent major advancements in cellular and molecular biology, scientists are better
equipped to solve more narrowly focused questions about this disease. A number of discoveries
within the last two decades have suggested that microtubules nucleated at the Golgi likely play a

role in cell motility through the control of intracellular transport of signals, molecular motors and



the structures on which they operate (Bretscher and Velasco, 1998; Krendel et al., 2002; Mingle
et al., 2005; Etiemme-Manneville, 2013). Interestingly, Laura Zahn recently observed the
nucleation of microtubules at the Golgi in MDA-MB-231 cells, especially those that were
migratory (Zahn and Lundin-Schiller, 2016). This observation suggests a potential mechanism
which is targeted in this study to determine if these structures are in fact a major component of
cellular motility, particularly in two breast cancer lines.

What follows in this chapter is a literature review highlighting a number of statistics
about breast cancer, as well as a review of the molecular mechanisms causing cancer. Other
topics are reviewed in this chapter, including the molecular mechanisms of cell motility,
metastasis, intracellular transport and the nucleation of microtubules at the Golgi. The second
chapter provides a brief explanation and history of the cell types utilized in this study. The third
chapter follows with a review of the materials and methods of the study, while the fourth chapter
presents results from experiments of the study. Finally, the fifth chapter is a discussion of the

results that were obtained throughout the study.



Literature Review

Breast Cancer Statistics

With an estimated total annual economic cost reaching well over a trillion dollars, the
impact of cancer is increasing every year, even as risk factors associated with the disease are
identified (WHO, 2017). In the United States, cancer is the second leading cause of death,
narrowly following heart disease by a difference of only 10 deaths per 100,000 people. While the
mortality rate of each of these diseases has decreased over the last 40 years, the mortality of heart
disease has decreased nearly three-fold compared to that of cancer (National Center for Health
Statistics, 2017). Of the numerous types of cancers, lung, liver, colorectal, stomach and breast
cancers account for the most common causes of death (WHO, 2017).

Approximately 12.4 percent of women from the United States will be diagnosed with
breast cancer during their lifetime (SEER, 2015). In 2015 alone, there were 571,000 deaths due
to breast cancer worldwide (WHO, 2017). However, the chances of survival in women with
breast cancer strongly correlates to the stage of the cancer at diagnosis. Women with breast
cancer that is diagnosed as localized have a high five-year survival rate at 98.7%, while this
percentage drops to 27% in women with breast cancer that has migrated to another part of the
body, even with current treatments (SEER, 2015). It is estimated that 30% of all new cases of
cancers in 2018 will be cancer of the breast. This rate is almost three times as high as the rate of
colorectal cancer, the next highest incidence of cancer (Stewart and Wild, 2014).

Breast Anatomy

The breast is an anatomical structure containing the mammary gland, adipose tissue,
connective tissue, blood vessels, nerves and portions of the lymphatic system. Located just
outside of the muscle of the chest and arm are lymph nodes, joined together by a system of

lymph ducts that run throughout various of areas of the body. These work to remove harmful



compounds and molecules from the body. Also running along the muscles of the chest are
arteries and capillaries, which transport oxygen-carrying blood cells toward and away from the
breast. Directly beneath the breast is a layer of muscle, separating the structure from the ribs and
inner body cavity. Outside of the muscle, and throughout the breast, are adipose tissue, ligaments
and a number of connective tissues, retaining the shape of and protecting the mammary gland.
Finally, the gland is organized into lobules, composed of many hollow sacs known as alveoli.
When necessary, these sacs fill with milk, which is then transported from the lobule, through a
duct, to the areola, which ends in the nipple. These ducts join together, forming larger ducts and

delivering milk through the end of the nipple.

Cancer of the Breast

Breast cancer is the term describing a subset of over 20 different diseases affecting the
breast (Lakhani et al., 2005). The majority of these cancers originate from the epithelial cells
which line the lobules and ducts of the breast (Wellings et al., 1975). These cancers are known as
carcinomas. A very small minority of breast cancers originate from other surrounding tissues,
these are known as sarcomas (Berg and Hutter, 1995). Finally, a subset of cancer can arise in the
lymphatic system located at the breast, known as a lymphoma. Breast cancer can exist as a non-
invasive tumor consisting of epithelial-type cells that form from the duct or lobe. However, these
cells can become more invasive, through mechanisms which will be described in more detail in

this manuscript, and travel to other areas of the body.

Environmental Factors Contributing to Cancer
While mutations that cause cancer can be spontaneous, environmental factors affect the
rate at which mutations occur. Substances that contribute to an increased incidence of mutations

leading to cancer are known as carcinogens (Yamagiwa and Ichikawa, 1918; Kennaway, 1930;



Cook et al., 1933; Boveri, 2008). However, many of these substances will not affect the genome
without the presence of downstream molecular mechanisms in the body, which will be addressed
later in this chapter (Miller and Miller, 1947; Conney et al., 1956).

Tobacco is a major source of carcinogens still widely used worldwide, although its use in
the United States has declined (Stewart and Wild, 2014). The smoke from tobacco contains a
considerable number of compounds that are known carcinogens, including arsenic, benzene and
formaldehyde. A more recent meta-analysis, considering 24 studies that represent nearly 98,000
women over 30 years, suggests that there is a positive correlation between smoking and breast
cancer incidence (Gaudet et al., 2013). While more evidence is required to explain the
mechanisms, these carcinogens potentially play a role in the development of breast cancer in
smokers.

Alcohol is another source of carcinogens commonly consumed and abused throughout
the world (IARC, 2010). Alcoholic beverages contain carcinogenic compounds in the form of
acetylaldehyde and ethanol, among others (Lachenmeier et al., 2012). Acetylaldehyde can
interact directly with DNA, while ethanol metabolites can cause oxidative damage, increase
estrogen concentrations, which will upregulate the activity of estrogen-receptor positive cells,
and affect DNA repair mechanisms (Barnes et al., 2000; Singletary et al., 2001). There are a
number of studies that suggest a correlation between large levels of alcohol consumption and
increased incidence of breast cancer. This is likely due to mammary gland developmental
damage and increased cell proliferation, either through the activation of estrogen receptors or
loss of cell cycle fidelity (Singletary and Gatspur, 2001; IARC, 2010).

Some infectious agents have strong positive correlations with many different forms of

cancer, including Heliobacter pylori and gastric cancer, the hepatitis B and C viruses and liver



cancer, and finally human papillomavirus (Parsonnet et al., 1994; Donato et al., 1998; Herrero et
al., 2003). In relation to breast cancer in particular, it appears that presence of human mammary
tumor virus (HMTV) is highly associated with breast cancers within some populations and is
passed from mother to offspring through breast milk (Holland, 2014).

Reproduction and, consequentially, hormonal influences are the major factors affecting
cancers of the breast, cervix and ovaries (Stewart and Wild, 2014). Childbirth and age at
conception, age at menarche and menopause, and breast feeding contribute to the likelihood of a
number of these cancers (Bernstein, 2002; Collaborative Group on Hormonal Factors in Breast
Cancer, 2012). The hormonal variation of these events has been suggested as the basis for
increased incidence of cancers. For breast cancer in particular, any event that induces an increase
in endogenous or exogenous estrogen to the body has a chance to increase the activity of
estrogen receptor positive cancerous cells (Heldring et al., 2007).

The physical fitness and associated diet of an individual can contribute to the incidence of
cancer (Stewart and Wild, 2014). There are studies linking diet to the incidence of a number of
cancers. However, there is not conclusive evidence that it directly increases the incidence of
breast cancer, especially after adolescence (American Institute for Cancer Research, 2007; Linos
et al., 2008; Lee et al., 2009; Liu et al., 2011; Aune et al., 2012). Poor diet is linked to increased
body mass due to adipose tissue deposits throughout the body. Obesity has been linked to a
higher incidence of cancer, especially those of the breast and endometrium (IARC, 2002;
American Institute for Cancer Research, 2007). The current hypothesis is that the presence of
adipose tissue is responsible for an increase in circulating estrogen due to the presence and
storage of cholesterol, a hormone precursor, in these tissues (Angel and Farkas, 1974; Stewart

and Wild, 2014).



Radiation from the environment has been linked to a number of cancers, particularly
melanomas, carcinomas and leukemias. The source of this radiation includes the sun,
electromagnetic commercial and personal devices and radioactive medicine; however,
conflicting results suggest a necessity for more evidence before a causative relationship can be
supported, especially regarding electromagnetic radiation (Whiteman et al., 2003; Schiiz and
Albom, 2008; Muirhead et al, 2009; MacKie et al., 2009; Pearce et al, 2012; Stewart and Wild,
2014). Currently, a robust relationship between radiation and breast cancer is unsupported;
however, there are studies that suggest patients with melanomas have an increased likelihood of
breast cancer incidence (Wassberg et al., 1999; Borg et al., 2000).

There are many other environmental carcinogens, which come from manufacturing and
other anthropogenic activities not listed above, that are responsible for common cancers,
especially those of the skin, bladder and the lungs (HEI Asbestos Literature Review Panel, 1991;
IARC, 2004, A; IARC, 2004, B; Samet and Cohen, 2006; HEI Air Toxics Review Panel, 2007,
Claxton and Woodall, 2007; Lewtas, 2007; IARC, 2013; Loomis et al., 2013). One of these
carcinogens, bisphenol-A, is hypothesized to correlate with an increased incidence of breast
cancer. It is a loosely bound monomer used in plastic manufacturing (Brede et al., 2003). This
compound mimics estrogen, binding and activating both estrogen receptor o and f3, as well as
other targets on the membrane and within the cell (Melzer et al., 2011; Delfosse et al., 2012;
Pupo et al., 2012). It is likely that the estrogen mimicking behavior of this compound contributes
to the incidence of breast cancer through the same mechanism as increased endogenous estrogen

levels.



Molecular Mechanisms of Cancer

Cancer cells possess mutations in their genomes. These mutations can occur in the form
of base addition, deletion or substitution. In cancerous cells, these mutations typically occur in
genes that control cell growth and proliferation. When properly functioning, tumor suppressors
inhibit the cell’s ability to proliferate. Opposite of these genes are proto-oncogenes, which
regularly promote the propagation of cells (Hanahan and Weinberg, 2011).

In an unaffected cell there are a number of factors controlling the progression of the cell
cycle, however the majority of the cycle is controlled by cyclin proteins (cyclin A, B, D and E)
and cyclin-dependent kinases (Cdks; Cdk 1, 2, 4 and 6) (Girard et al., 1991; van den Heuvel and
Harlow, 1993; Nigg, 1995; Stern and Nurse, 1996). Cyclin proteins were named because of the
cyclical nature through which they are present throughout the cell cycle. (Evans et al., 1983;
Mathews et al., 1984; Celis and Celis, 1985; Nielsen et al., 1987). There are three major types of
cyclins in the cell, Gi-, S- and M-cyclins, indicating in which phase they are active. The Gi-
cyclins bind Cdks at the end of the G; phase and commit the cells to DNA replication (Nielsen et
al., 1987; Wittenberg and Reed, 1988; Richardson et al., 1989). S-cyclins bind Cdks during the S
phase and are required to initiate DNA replication (Celis and Celis, 1985; Girard et al., 1991).
Finally, M-cyclins binding to Cdks promotes mitosis (Swinson et al., 1986; Fang and Newport,
1991; Johnston and Sloboda, 1992). Regulation of these complexes is done through the use of
kinases (such as Weel), phosphatases (such as Cdc25) and Cdk inhibitor proteins (CKIs)
(Russell and Nurse, 1987; Sadhu et al., 1990; Harper et al., 1993; Gu et al., 1993; Xiong et al.,
1993). Not only are the concentration of specific cyclins within the cell at any one-time ubiquitin
dependent, but also transcriptionally controlled for differential expression, often by previously

expressed cyclin-Cdk complexes. (Desai et al., 1992).



During proliferation, cyclin D is first activated when the cell receives a growth factor
signal, which binds at the epidermal growth factor receptor (EGFR), a transmembrane protein.
Growth factor binding to its receptor results in homodimerization, causing autophosphorylation
of tyrosine residues of the cytoplasmic domain of the EGFR (Downward et al., 1984; Yarden and
Schlessinger, 1987). Proteins bound to the receptor, such as growth factor receptor-bound
proteins (Grbs), interact with another set of proteins, such as Son of Sevenless (SOS), that are
activated and promote the exchange of guanosine diphosphate (GDP) to guanosine triphosphate
(GTP) in Ras proteins (Schulze et al., 2005; Zarich et al., 2006). The activated Ras protein
activates another cascade of proteins known as mitogen-activated protein kinases (MAPKSs),
beginning with c-Raf, or MAP Kinase, and ending with MAPK. Finally, MAPK can activate
transcription factors, such as c-myc and c-fos, which contribute to cell cycle regulation by
activating the transcription of other genes, including cyclin D (Campisi et al., 1984; Gruda et al.,
1994).

Cyclin D binds to a constitutively expressed Cdk4, activating the retinoblastoma
susceptibility protein (Rb) (Reed et al, 1991). This activation decouples Rb from a number of
transcription factor genes, activating the expression of many cyclins, DNA polymerase and
kinases. One of these products, cyclin E, binds to Cdk2, advancing the cell from G to S phase
(Dutta et al, 1991; Skotheim et al, 2008). At this point, the cycle can be arrested if there is
detection of DNA damage. Either ataxia telangiectasia mutated (ATM, for double-strand breaks)
or ataxia telangiectasia and Rad 3 related (ATR, for single-strand breaks) kinases are activated.
These proteins activate Chk1 and 2, which are responsible for activating a number of DNA repair

machinery, including p53 and breast cancer 1 (BRCA1) (Bartek and Lukas, 2001).
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After DNA synthesis, there is expression and accumulation of another cyclin, cyclin B,
which complexes with Cdk1 (Jackman et al., 2003). Sufficient accumulation initiates nuclear
envelope breakdown and mitosis begins (Nurse, 1990). A subsequent checkpoint occurs during
metaphase when the chromosomes should be aligned at the middle of the cell. Correct tension
across the cell due to this alignment activates an anaphase-promoting complex (APC), which
degrades cyclin B in the cell (Saxton and Mclntosh, 1987; King et al., 1995; Gorbsky et al.,
1999). APC activation is also responsible for the degradation of securin, which subsequently
activates separase (Ciosk et al., 1998). Separase removes cohesins, which are keeping sister
chromatids in close proximity (Michaelis et al., 1997; Waizenegger et al., 2000). Completion of
this cascade allows the sister chromatids to separate, moving the cell into anaphase (Uhlmann et
al., 1999; Uhlmann et al., 2000).

As a consequence of a very involved proliferative process, cells are susceptible to a
number of mutations which can completely halt cell division or activate uncontrolled cell
division. These mutations are the foundation for cancers and subsequent tumors that develop.
Often, tumors consist of subsets of cells with their own set of mutations and accompanying
proteomics. Examination of a number of breast cancers suggests that among them, there are a
wide range of genes affected. Also, the number of genes in each of these cancers varies
dramatically (Stephens et al., 2012). A select number of tumor suppressor genes commonly
found to have mutations in incidences of breast cancer include cyclin proteins, BRCA1, BRCA2,
PTEN, and p53 (Keyomarsi and Pardee, 1993; Wooster et al., 1994; Hollstein et al., 1995; Ford
et al., 1995; Mills et al., 2001). These proteins are responsible for controlling cell division,
especially when there is damage to the DNA, which prevents an accurate replication. A number

of proto-oncogenes with increased incidence of mutation associated with breast cancer include
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human epithelial growth factor receptor 2 (HER-2), the cyclin family and c-myc (Slamon et al.,
1987; Nass and Dickson, 1997; Steeg and Zhou, 1998). Mutations occurring in these sets of
genes will often cause uncontrolled proliferation of the cell, resulting in the formation of a
tumor, known as a primary tumor.

Metastasis

The migration of cancer occurs through a process known as metastasis. Metastatic
development begins with a number of cellular mutations from which a primary tumor arises. The
mutations are responsible for letting a single cell divide unimpeded. From here, a cell or cells
from the primary tumor travel to another area of the body and form secondary tumors in this new
location. While a number of factors affect the efficiency of metastatic cell movement, including
microenvironment, a basic mechanism is shared among cancerous cell types (Hunter et al.,
2008). Initially, cells separate from the primary tumor and invade surrounding tissues or
basement membrane, eventually arriving at the blood or lymphatic circulatory system. The cells
travel through these systems to another area of the body and adhere to vessels located on the
organ in that area. Finally, these cells extravasate from their new location at the vessel into the
adjoining organ tissue. At this point, the cells proliferate and form a secondary tumor, relatively
far from the primary tumor (Beatson, 1912).

For metastatic cells to survive through this entire process, they must be able to traverse,
survive and proliferate in a number of microenvironments, again provided by a number of
genetic mutations (Fidler, 1989). From primary tumor proliferation, traveling through the
circulatory system, and adherence and proliferation at a new site, these cells must contend with a
number of immune responses from the body. Not only must the cells survive during this time,

but they must also have the ability to respond to signaling molecules contained within the
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microenvironments in which they are located, as well as other more broadly located
environments. Because of the concentrated presence of these molecules in specific organs, breast
cancer is much more likely to metastasize to the lymph nodes, bones and lungs than other organs
(Mukherjee and Zhao, 2013).
Cell Migration

Cell movement is a foundational trait of metastatic cancer cells. As eluded to in the
preceding subsection, cells move as a consequence of responding to the environment around
them. A migratory response of a cell to a chemical or molecular signal from its environment is
known as chemotaxis (Harris, 1954). One form of these signals are chemokines. These are a type
of cytokines, or extracellular signal proteins or peptides active in cell-cell communication, which
are expressed by tissues and bind to receptors on target cells. Breast cancer cells in particular
respond to two known chemokines, C-X-C chemokine ligand 12 (CXCL12), also known as
stromal derived factor-1 (SDF-1), and epidermal growth factor (EGF) (Voldborg et al., 1997;
Muller et al., 2001). EGF specifically is known to be a major regulator in cell growth and
proliferation (Cohen, 1965; Rose et al., 1975; Carpenter and Cohen, 1976). Interestingly, cells
that are in a group can release and respond to EGF in an autocrine fashion (Wiley et al., 1998).
There is evidence that the cellular response of migrating epithelial cells to this signaling is
modulated through the previously discussed MAPK pathway (Joslin et al., 2007). Furthermore,
cell migration has been confirmed to be modulated cooperatively by gradients of SDF-1 and
EGF in a breast cancer cell line (Kim et al., 2013). A recent, unpublished study from our lab
supports that a 10 ng/mL treatment of MCF7 and MDA-MB-231 cells is sufficient for increased

cellular motility (Grady and Lundin-Schiller, personal communication).
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It is hypothesized that the chemotactic response of these cells to EGF is due to its effect
on downstream focal adhesion kinase (FAK) expression, which is also a consequence of estrogen
signaling (Brunton et al., 1997; Harder et al., 1998; Sieg et al., 2000; Hauck 2001). The specific
mechanism of estrogen action is currently unknown, however EGF treatment has been observed
to phosphorylate the FAK, targeting it to the area of focal adhesions and increasing cell
migration (Lu et al., 2001). It has been suggested that these responses are dissociated from
proliferative pathways in the MDA-MB-231 cell line, solely affecting migration (Price et al.,
1999). Migratory response to estrogen relies on many different components, including estrogen
receptor o, FAK, paxillin, phosphatidylinositol 3 kinase (PI3K) and MAPK, although the
specific interplay between these pathways, if one exists, is unclear (Li et al., 2010). The
components within the cell on which these signals traverse is a potential target for determining
the mechanism in which these signals function to affect motility.

Cells also have the ability to respond to mechanical and electrical stimuli in their
environment, in processes called mechanotaxis and electrotaxis, respectively (Zhao, 2009; Roca-
Cusachs et al., 2013). During mechanotaxis, cells recognize physical forces in the environment
and respond through a biochemical pathway within the cell, resulting in an associated movement
(Roca-Cusachs et al., 2012). These forces can occur through a number of avenues: cell
movement due to substrate stiffness, manipulation of the extra-cellular matrix (ECM) and
collective modulation of intracellular forces have been observed (Lo et al., 2000; Reinhart-King
et al., 2005; Tambe, 2011). One mechanism for sensing this gradient is the ability of force to
cause conformational changes in a number of molecules, resulting in a signaling cascade which
is expressed as movement (Roca-Cusachs et al., 2012). Force responses to the environment begin

with integrin binding to the extracellular matrix (ECM). With the application of force, integrins
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will unbind and rebind with components of the ECM, while also interacting with the varied
structures to which they are bound, known as adapters, including a-actinin, filamin and tensin,
each of which can interact with the actin cytoskeletal structure (Pavalko et al., 1991; Lo et al.,
1994; Loo et al., 1998). The activation of the adaptor proteins can activate guanine exchange
factors (GEFs), which affect a number of other downstream processes (Rottner et al., 1999;
Tomar and Schlepfer, 2009; Guilluy et al., 2011).

Interestingly, cells can communicate cell movement as a group, resulting in the
movement of an entire cluster of cells, as is the case in an invasive cancer (Friedl et al., 2012). In
recent studies, preference for perpendicular intercellular forces and substrate with deformations
was observed (Angelini et al., 2010; Tambe, 2011). Although the exact mechanism is currently
unknown, it is likely that cancer cells use these mechanosensory traits to migrate in vivo.

As human breast cancer cells are eukaryotic cells, there are a number of components
involved in the molecular mechanism of cell motility. The major contributor to cell movement is
the array of protein filaments that are located throughout the cell that are known collectively as
the cytoskeleton. These three filaments are actin filaments, intermediate filaments and
microtubules (Tilney and Gibbins, 1969; Menko et al., 1983; Tanaka et al., 1995). Motor
proteins are required for the function of these arrays. Often, epithelial cells, including those that
are non-cancerous in the breast, maintain a stable structure (Asch et al., 1979; Fey et al., 1984).
However, many of the filamentous components comprising this structure are dynamic and will
be recycled regularly. The filament cytoskeleton structure organization is responsible for the
polarization, or directionality, of these cells that are motile (Allen and Borisy, 1974; Small et al.,
1978). While this chapter will briefly review the motor proteins and actin filaments, the

microtubules are of most concern to this project.
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Motor Proteins

One set of accessory proteins that are involved in cell motility are known as motor
proteins (Vale, 2003). These proteins, responding to intra- and extracellular signaling, utilize the
energy available in ATP hydrolysis reactions to move components of the cell along the
filamentous cytoskeleton. The effect of these proteins on the filaments produces the cellular-
wide movement observed during migration.

Motor proteins function by binding to a molecule, undergoing a conformational change
and then moving along from that molecule to another nearby. Motor proteins can vary in
structure and location, from the mitochondrial membrane-located ATP-synthase motor, to those
located in the nucleus that function in the replication of genetic material, such as polymerases
and helicases (Gelles and Landick, 1998; Rondelez et al., 2005). However, the most relevant
category of motor proteins to this study are cytoskeletal filament motor proteins. These include
dyneins, kinesins and myosins, each of which travel along microtubules or actin filaments.

Two major classes of motor proteins are kinesins and dyneins. The majority of kinesins
transport membrane-enclosed organelles by “walking” toward the plus end of the microtubule,
however some transport cargo in the opposite direction (Scholey et al., 1985; Vale et al., 1985a;
Vale 1985b). Dyneins are responsible for movement in the minus direction of the microtubule
(Gibbons and Rowe, 1965; Haimo et al., 1979). This family of proteins is responsible for the
organization of the nucleus and centrosome during migration, as well as mRNA and organelle
trafficking, and the molecular movement required for beating flagella and cilia (Gibbons and
Rowe, 1965; Renaud et al., 1968; Muhua et al., 1994; Xiang et al., 1994; Langford, 1995;
Durrbach et al., 1996). The formation of the endoplasmic reticulum (ER) and the Golgi apparatus

(Golgi) rely on these motor protein and microtubule interactions. Kinesins are responsible for the
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positioning of the ER throughout the cell, while dyneins are responsible for the positioning of the
Golgi near the centrosome at the center of the cell (Vale and Hotani, 1988; Harada et al., 1998;
Bannai et al., 2004)

The other major class of motor proteins is myosin. There are many myosin proteins that
have been identified; however, myosin I is involved in the transport of cargo throughout the cell
(Adams and Pollard, 1986; Adams and Pollard, 1989; Fath et al., 1993; Fath et al., 1994, Bose et
al., 2002). Myosin consists of three different domains: head, neck and tail (Baryiko et al., 1992).
The head domain of the myosin is an ATPase that undergoes a conformational change and exerts
force along the actin of the cell (Jontes et al., 1995; Veigel et al., 1999). The tail domain is the
portion of the myosin that is attached to the membrane-bound vesicle transporting cargo in the

cell (Hayden et al., 1990; Doberstein and Pollard, 1992; Brzeska et al, 2010).

Actin

The actin subunit is highly conserved across eukaryotes (Stoddard et el., 2017). It is
globular as a free subunit; however multiple subunits polymerize to form a helical structure
known as filamentous actin (Straub, 1942; Pantaloni et al., 1984; Pantaloni et al., 1985; Kabsch
et al., 1990). While this structure is rather fragile on its own, a number of accessory proteins
cause the filament to interact and bundle together, forming a larger, more durable structure
(Wessells et al., 1971; Rosenberg et al., 1981). Because the subunits organize in a polarized
fashion, the filamentous actin structure contains both a quickly elongating, “plus” end, and a
more slowly elongating, “minus” end (Hitchcock-DeGregori, 1980). At a large scale, this
behavior can associate polarity to an entire cell.

The actin filaments organize in arrays, forming higher-order structures which allow for

motility (Anderson, 1977). Specifically, the actin filaments can be organized in loosely packed
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structures known as contractile bundles. The spacing of the bundles allows them to interact with
motor proteins, including myosin, to create tension between, and as a result, movement of the
actin filaments (Mooseker, 1976). These structures can also adhere adjacent cells together
through adherens junctions, especially between epithelial cells (Rodewald et al., 1976; Hull and
Staehelin, 1979).

One important actin-based structure that cells utilize to migrate are lamellipodia. These
are actin projections that protrude from the leading edge of cells (Taylor et al., 1973; Edds,
1977). This structure is a result of the nucleation of actin at the plasma membrane, and the
polarization of these structures allow for a tread-milling effect of the actin, resulting in cell
crawling (Edds, 1977; Kirschner, 1980; Herman et al., 1981; Wang, 1985). Ahead of the
lamellipodia are filopodia, which act as a leading point as cells encounter their environment and
associated molecular cues (Albrecht-Buehler, 1976).

Microtubules

Microtubules are another integral actor in the cytoskeleton network. Much like actin
subunits, free subunits of a-tubulin and B-tubulin found throughout the cell exist in the globular
form (Feit et al., 1971, Erickson, 1974; Snyder and McIntosh, 1975; Cleveland et al., 1978). The
monomer subunits each have a binding site for the GTP molecule, which is utilized in their
dimerization (Feit et al., 1971; Shelanski et al., 1973; Kobayahi, 1975). The a-tubulin and (-
tubulin subunits polymerize as dimers, in an alternating pattern, to form protofilaments that
interact in parallel to form hollow tubes (Warfield and Bouck, 1974; Bryan, 1976; Langford,
1980). The subunit organization provides polarization to the microtubule structure (Heidemann

and Mclntosh, 1980).
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Microtubules exhibit a quality known as dynamic instability in which they can quickly
alternate from an extending activity to a shrinking activity due to GTP- and GDP-bound tubulin
dynamics (Mitchison and Kirschner, 1984). Tubulin subunits with a bound GTP are likely to
polymerize with the leading subunit of the protofilament, meanwhile the subunits with a
converted GDP molecule will have a weakened bond and likely dissociate (Carlier and Pantaloni,
1981; Hill and Carlier, 1983; Carlier et al., 1984). While the plus end of the microtubule is
usually occupied by a GTP-bound subunit, the addition of a GDP-bound subunit will prevent the
addition of a new subunit, causing the dissociation of the end of the microtubule, also known as
catastrophe (Mitchison and Kirschner, 1984). After a free GTP-bound subunit is able to
polymerize with the collapsing end, the microtubule is “rescued” and growth can continue in the
plus end direction (Mitchison and Kirschner, 1984; Cassimeris et al., 1988; Billger et al., 1996).

Proteins that bind to and modulate these structural changes of the microtubules are
generally known as microtubule associated proteins (MAPs) (Sloboda et al., 1975; Murphy and
Borisy, 1975; Sloboda et al., 1976). Examples of each include XMAP215, which promotes
microtubule nucleation, and kinesin-13, which promotes destabilization of the growing
microtubule (Gard and Kirschner, 1987; Vasquez et al., 1994; Walczak et al., 1996; Desai et al.,
1999). The frequency of the interactions of MAPs with the microtubules controls the dynamics
of these structures observed throughout the cell.

The ER and Golgi organelles form the cellular hub from which proteomic and molecular
cargo are sorted and distributed throughout the cell (Porter, 1964). Membrane-bound and soluble
proteins that are to be secreted are manufactured in the rough ER, then mature as they travel
through the Golgi (Porter 1964; Caro and Palade, 1964). From here, this cargo is sent to the

plasma membrane from the cis-Golgi or sent back to the ER from the trans-Golgi (Pelltier,
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1974). The importance of these structures for cargo transport, which includes the components
required for cell motility, make them potential candidates of interest for studies based on
disrupted migration.
Golgi-Nucleated Microtubules

To function, microtubules nucleate at specific regions of the cell. These areas are known
as microtubule organizing centers (MTOCSs) (Slautterback, 1963; Frankel F, 1976; Osborn and
Weber, 1976; Stearns and Brown, 1979). Typically, this occurs at the centrosome of the cell;
however, the Golgi has also been implicated as another MTOC (Slautterback, 1963; Kupfer et
al., 1982; Wehland et al., 1983; Rogalski and Singer, 1984). Before microtubules can form, a
template must be recruited to the Golgi (Kollman et al., 2011). This precursor is a ring complex
known as the y-tubulin ring complex (yYTuRC) (Mortiz et al., 1995; Zheng et al., 1995). The
complex consists of a smaller ring complex known as the y-tubulin small complex (yTuSC),
itself made of a spiral ring of multiple y-tubulin and y-tubulin complex proteins (GCP2 and
GCP3), as well as other y-tubulin complex proteins (GCP4, GCP5, GCP6) (Murphy et al., 1998;
Murphy et al., 2001; Kollman et al., 2008). GCP4, GCP5 and GCP6 stabilize the yTuSC, while
GCP3 regulates a-tubulin and B-tubulin subunit binding, nucleating microtubule formation
(Janski et al., 2012; Nakamura et al., 2012). Currently, microtubule nucleation at the Golgi has
not been observed without an associated YTuRC recruitment. A number of proteins have been
implicated in the recruitment of the YTuRC to the Golgi, however two of them appear to be vital
(Takahashi et al., 2002; Rivero et al., 2009). GM130 (Golgi matrix protein of 130 kD), a Golgi
peripheral protein, recruits a large signaling protein, AKAP450 (A-kinase anchor protein 450) to
the cis-Golgi compartment. In turn, the yTuRC is recruited and tethered to the AKAP450,

allowing newly formed microtubules to nucleate at the Golgi (Rivero et al., 2009).
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An immortalized human pigment epithelial cell line (hTer-RPE1) was the model system
used in experiments to identify the components that localized the microtubule nucleation to the
Golgi (Rivero et al., 2009). More recently, our lab utilized two breast cancer cell lines (MDA-
MB-231 and MCF7) to perform co-localization studies of two components of the nucleation
complex described above, GM130 and y-tubulin (Zahn and Lundin-Schiller, 2016). These studies
used microscopic analysis of fluorescently labeled co-localizations and found that these same
proteins co-localize in both novel cell lines. The study also used microscopy to visualize
microtubule depolymerization and reassembly at the Golgi, as well as EGF induced migrations.
It was found that co-localization was increased in cells induced to migrate, as well as the highly
invasive cell line (MDA-MB-231), marking the potential impact of the microtubules on directed
migration activity. This is in agreement with other groups who have suggested a unique role for
Golgi-nucleated microtubules in cell motility, including modulation of exocytosis toward the
leading edge and crosstalk between the cytoskeletal pathways of actin and microtubules
(Schmoranzer et al., 2003; Kaverina and Straube, 2011). The contribution of this population of
microtubules to cellular migration in both cancer cell lines is going to be considered further in

the current study.

Current Drugs/ Targets for Breast Cancer Treatment

Historically, medical doctors have used surgery to remove cancer within the body, with
recurrence very likely (Madden et al., 1972; Allen, 2005; Lakhtakia, 2014). In the latter half of
the twentieth century, the addition of chemotherapy expanded the tools available to fight cancer
(Goodman et al., 1984; Wickerman et al., 2008). While these are still very valuable tools, the
methods for targeting cancer have changed dramatically in the modern era of oncology (Ades et

al., 2017).
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Today, breast cancers are designated by the molecular components they express,
including a number of receptors and cytoskeletal or mechanical components (Perou et al., 2000;
Serlie et al., 2001). Hormone receptors on these breast cancers, when expressed, remain a major
therapeutic target (Tryfonidis et al., 2016). Trastuzumab, an antibody for HER-2, is a drug
currently available that utilizes an immunological relationship to deliver chemotherapy to HER-2
overexpressing cells (Coussens, 1985; Baselga, 1986). Neratinib and lapatinib are two tyrosine-
kinase inhibitors that are currently FDA-approved for the treatment of breast cancer (Xia et al.,
2002; Rabindran, 2004). Many other targets are under review and include proteins involved in
the cell-cycle (Verzenio) and DNA repair (Tate et al., 2014; Gelbert et al., 2014). One final
treatment that is growing in potential is the use of immunotherapies, which utilize the body’s
immune system to identify and destroy cancerous cells within the body.

Drugs Targeting the Golgi and Microtubules

Pharmacological agents can be utilized to determine if the Golgi-nucleated microtubules
are implicated in the control of cellular migration. One candidate, nocodazole, is a potent
antineoplastic and microtubule inhibitor. In non-transformed embryonic mouse cells, nocodazole
completely depolymerizes microtubules, with only diffuse staining of microtubules evident after
treatment (de Brabander et al., 1977). This occurs through the binding of nocodazole to free
tubulin dimers, preventing further polymerization (Hoebeke et al., 1976). In addition, evidence
from previous experiments show that nocodazole treatment is accompanied by a decrease in
migration in invasive cell types, including mouse fibroblasts and macrophages (Mareel and de
Brabander, 1978; Storme and Mareel, 1980; Cheung and Terry, 1980; Bershadsky and Futerman,
1994). Along with a reduction in the motility of cells treated with nocodazole, this treatment also

reduces the secretion and transport of proteins within the cell, while also diminishing or
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eliminating the polarity of the presence of these proteins (Birkett et al., 1981; Rogalski et al.,
1984; Johnson and Maro, 1985; Rindler et al., 1987; Sinha and Wagner, 1987). Nocodazole
appears to affect other structures in the cell as well, eliminating the endocytic delivery of
lysosomal cargo (Deng and Storrie, 1988).

The second pharmacological agent used in treatments during this study is brefeldin-A
(BFA). This compound is a metabolite, produced by the fungus Eupenicillium brefeldianum,
which acts on the flow of cargo from the trans-Golgi network (TGN) to the cell membrane
(Singleton et al., 1958; Misumi et al., 1986). The mechanism through which this molecule
functions is by preventing exchange of GDP for GTP on the ADP-ribosylation factor (ARF),
preventing COP- from binding to secretory vesicles, and subsequent loss of the Golgi structure.
This binding is a requirement for stable vesicles which bind to the Golgi and allow for delivery
of the cargo elsewhere in the cell, outside of the ER (Magner and Papagiannes, 1988; Lippincott-
Schwartz et al., 1989; Ulmer and Palade, 1989; Donaldson et al., 1990; Serafini et al., 1991; Orci
et al., 1991; Miller et al., 1992; Donaldson et al., 1992; Hendricks et al., 1992). Notably, BFA
treatment prevents proper protein secretion to the polarized ends of the cell as a consequence of
an inhibited trafficking system, resulting in accumulation of secretory protein at the ER
(Fujiwara et al., 1988; Low et al., 1991; Hunziker et al., 1991; Rosa et al., 1992). This
phenomenon is conserved in invertebrates as well, with similar effects observed in Candida
albicans (Arioka et al., 1991).

A number of studies have utilized both drugs, to determine their effect on trafficking and
migration. The data support that BFA and nocodazole had comparable effects on cell shape and
protrusion, with similar reductions in cell motility (Bershadsky and Futerman, 1994; Tseng et al.,

2014). However, one current hypothesis is that BFA affects sorting solely, while nocodazole



attenuates delivery of intracellular cargo to the plasma membrane (Cid-Arregui et al., 1995;
Porowska et al., 2008). Utilizing these compounds to determine the role of Golgi-nucleated
microtubules in breast cancer cell migration is novel, as the contribution of each subset in this

particular cancer is currently unknown.
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Study Objectives

The first objective of this study was to determine if pharmacological agents known to
alter the Golgi or microtubules were sufficient for inhibiting the migration of MCF7 or MDA -
MB-231 breast cancer cell lines in a wound healing scratch assay. Inhibition of this movement
suggests a role for these molecular components in the process of cell migration.

The second objective of the study was to determine if the inhibited migration was
correlated with a morphological change accompanying pharmacological agent treatment. This
was studied by utilizing pharmacological reagents and light microscopy.

The third objective of the study was to determine if the morphological change in these
cells correlated with a change in the organization of the Golgi and the microtubules. This was
studied by tracking these structures through immunofluorescence of their components,
specifically GM130 and a-tubulin.

The final objective of the study was to determine if exogenous growth factors could
rescue the cells from an inhibited migratory state, with an accompanying morphological change.
This study utilized the addition of EGF and FBS to treatments, as well as all other previously

discussed methods of observation.
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CHAPTER II

Cell Types
MCF?7 Breast Cancer Cell Line

The MCF7 cell line was isolated by Herbert Soule at the Michigan Cancer Foundation
from the pleural effusion of a 69-year-old nun, Sister Catherine Frances Mallon (Soule et al.,
1973). Interestingly, she was a member of the same occupational population in whom Ramazzini
had observed higher rates of cancer of the breast (Ramazzini, 2001; Louis et al., 2015). After
attempting to culture metastatic breast cancer cells from both Sister Mallon’s chest wall and
lungs, Soule observed a recurring culture of those cells from the lungs (Soule et al., 1973). This
cell line gets its name from the location that the work was done, the Michigan Cancer
Foundation, and because this was Soule’s seventh attempt to cultivate a cancer cell line. The
popularity of this cell line for research has been robust, with 25,000 published papers using this
cell line (Lee et al., 2015).

The isolation of these cells was a major discovery and laid the foundation for future
breast cancer research. While Soule observed estrogen receptors in the cells, researchers also
observed the efficacy of tamoxifen, a selective estrogen receptor modulator, on treating breast
cancer that same year (Brooks et al., 1973; Ward, 1973). Over the next two decades, the results
of numerous studies supported estrogen as the driving component in breast cancer tumor growth
(Levenson and Jordan, 1997). Further studies have supported the presence of estrogen and
progesterone receptors on these cells, making them viable candidates for targeted therapy
(Lippman and Bolan, 1975; Horwitz et al., 1975). In this same time span, tamoxifen use with
MCEF7 cells was studied extensively (Osborne et al., 1983; Sutherland et al., 1983).

The first antibodies for estrogen receptors were created using receptors isolated from

MCEF7 cells, giving insight into their mechanism of action in the cell (Greene et al. 1980; King
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and Greene, 1984). Lines of both estrogen receptor-positive and estrogen receptor-negative
MCEF7 cells have since been produced, while the discovery of tamoxifen-induced proliferation
has also been observed (Osborne, 1996; Gottardis and Jordan, 1988; Jeng et al., 1998;
Oesterreich et al, 2001; Sweeney et al., 2012). In addition to the presence of estrogen receptors,
EGFR and HER-2 receptors have been observed in the cell line, although most agree that the
parental cell line is HER-2 negative (Baguley and Leung, 2011).

The phenotype of these cells is epithelial, with robust expression of typical epithelial
molecular products, while lacking the expression of mesenchymal products. The cells exist in
small, compact colonies with some cells on the edge of the colony expressing an altered
morphology (Pérez-Yépez et al., 2012; D’ Anselmi et al., 2013). Because of the organization of
these colonies, MCF7 cells have low migratory potential (Gest et al., 2013). No metastasis has
been observed with transplantation of these cells into a mouse model (Perrot-Applanat and Di
Benedetto, 2012). While estradiol increases proliferation of these cells, they are hardy enough to
survive in the absence of serum, albeit with reduced proliferation as a consequence (Barabutis et

al., 2007).
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MDA-MB-231 Breast Cancer Cell Line

Throughout the 1970’s, nineteen breast cancer carcinoma cells lines were
established at the M.D. Anderson Hospital and Tumor Institute, including the MDA-MB-231 cell
line. This cell line originated from the pleural effusion of a 51-year-old female patient with a
metastatic adenocarcinoma, who died within one year of cell culturing (Cailleau et al., 1978).

Immunohistochemical analysis of this cell line has suggested that it is triple-negative for
estrogen receptors, progesterone receptors (PRs) and HER-2. However, EGFR is overexpressed
in this same cell type (Subik et al., 2010). Because MDA-MB-231 cells lack the expression of
these receptors, they are not a viable candidate for the popular therapeutic targets that currently
exist (Chen and Russo, 2009).

MDA-MB-231 cells form loosely cohesive groups of cells, with individual cells being
highly migratory and invasive (Gordon et al., 2003; Bozzuto et al., 2015). The difference in
migratory potential between MCF7 and MDA-MB-231 cells make them viable candidates for
comparison in this study. The over-expression of EGFR in MDA-MB-231, as compared to

MCEFT7 cells, is another useful difference for the purpose of this study.
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CHAPTER III

Materials and Methods

Cell Culture

MDA-MB-231 and MCF7 cells (MDA-MB-231: American Type Culture Collection
(ATCC), catalog #HTB-26 and MCF-7: ATCC, catalog #HTB-22) were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) (ATCC, catalog #30-2002) supplemented with 10% fetal
bovine serum (FBS: ThermoFisher Scientific, catalog #10082-139) and 2% antibiotic/
antimycotic (ThermoFisher Scientific, catalog #15240-096) and incubated at 37 °C in an
atmosphere of 5% CO; in air. To ensure genetic continuity between cells used during
experimentation, an initial aliquot of cells was grown to confluence in 25-cm? seed flasks
(Falcon, catalog #353109), approximately 7 days for MDA-MB-231 cells and 10 days for MCF7
cells. Media was replaced every other day for cell viability and proliferation. Upon confluence,
cells were harvested by incubation in 3 mL 0.5% trypsin-EDTA in PBS (phosphate buffered
saline: Gibco, catalog # 15400-054) for 5 minutes. After this incubation period, 2 mL fresh
DMEM was added to quench the reaction. This solution was centrifuged for 10 minutes,
pelleting the cells.

The trypsin-EDTA-DMEM solution was decanted and pellets were suspended in fresh
media. Cells were counted as follows: a 200 pL aliquot of cell suspension was suspended in 300
pL Hanks’ Balanced Salts Solution (HBSS: ATCC, catalog #30-2213) and 500 pL 0.4% Trypan
Blue (Trypan Blue Solution: Sigma, catalog #T8154-100mL). The solution was then thoroughly
mixed and incubated for 10 minutes at room temperature. After incubation, a 20 pL aliquot of
the solution was pipetted into the chambers of a hemocytometer and observed using a Meiji

inverted phase contrast microscope. Cells were counted within the middle and corner squares
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located in the chambers of the hemocytometer. The number of cells was then multiplied by a
dilution factor of 5 and an extrapolation factor of 10*. The result of this equation was equivalent

to the total number of viable cells per milliliter (mL) in the solution.

DAWGRAM |
STANDARD HEMOCYTOMETER CHAMBER

Figure 1. Hemocytometer grid used for counting viable cells from culture.

These cells were then separated into aliquots containing 100,000 cells diluted with 1 mL
DMEM. Each of the aliquots was frozen at -80 °C, over a 24-hour period. After 24 hours, all
aliquots were moved to liquid nitrogen until needed.

Once cells were required, the frozen aliquot was moved from liquid nitrogen to a sterile
fume-hood at 20 °C. After the aliquot had thawed, the cells were transferred to a sterile 15-mL
conical and diluted with 4 mL of DMEM. To re-suspend the cells into the media, the conical was
agitated until the media was homogenous. The cells were then spun at 1000 x g for 10 minutes to
pellet cells. The pellet was resuspended in 5 mL fresh media and cells were counted and diluted

with DMEM to the appropriate concentration for experimentation.
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Migration Study

To determine the effect of pharmacological treatments on the migration potential of cells,
treatments were applied and cell migration was analyzed. Cells were plated on a 24-well plate at
a density of 80,000 cells per well for MCF7 experiments and 40,000 cells per well for MDA-
MB-231 experiments. Cells were then incubated in 500 phL. DMEM, supplemented with 10%
FBS and 2% antibiotic/ antimycotic, at 37 °C in an atmosphere of 5% CO; in air for 7 days.
Media was replaced every other day. After 6 days, the cells were starved to force all cells into
interphase and remove the effect of any potential endogenous signaling between cells, by
replacement of the media with 500 puL serum-free DMEM. After 24 hours, an approximately 800
um scratch was made through the middle of the well using a P-200 micropipette tip. A line was
drawn perpendicular to the scratch with a permanent marker, this served as a reference for the
field of view of the scratch. The serum-free media was removed, and the wells were rinsed with
serum-free media to remove any cellular debris. After rinsing, the media was decanted and 500
uL treatments were added to the wells.

Images of the assay were acquired immediately after the application of the treatment, as
well as at 12 and 24 hours, using an Olympus IX71 Inverted Phase Contrast Microscope and
QCapture software. Scratch assays were analyzed using ImageJ software. A line was measured
across a reference distance and this scale was applied globally to all pictures of the experiment.
Five equidistant points, within the reference line, were selected along the top edge of the scratch,
and straight lines were drawn to the bottom edge. These lines were then measured in
micrometers using the software. To calculate an initial gap distance, the mean distance of the

five lines was determined. To determine the change in gap distance at subsequent times, each of
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the five lines at the next time point were subtracted from the initial gap distance. These
differences were averaged for a calculated change in gap distance.

Statistical analyses of the scratches were done using JMP Pro 12 statistical software.
Differences in gap distances between time points were analyzed by a ¢-fest, while differences in

gap distances between treatments were analyzed using a ¢-test or an ANOVA.

Morphology Study

To determine the effect of pharmacological treatment on the morphology of cells,
treatments were applied and images were collected. Thirty-five mm glass-bottom dishes were
pre-treated with poly-L-lysine for 2 hours to promote cell adherence. After this pre-treatment
period, cells were plated at a density of 25,000 cells/mL using a total volume of 2 mL per plate.
Cells were incubated for 24 hours at 37 °C in an atmosphere of 5% CO; in air. After 24 hours,
the DMEM was removed and replaced with serum-free DMEM and incubated for 24 hours in the
same conditions. Finally, the serum-free medium was removed and replaced with the
pharmacological treatment. Images of the cells were obtained immediately after addition of the
treatment, then every 2 hours over the subsequent 12 hours and again at 24 hours.

Representative morphologies for each time point and treatment were determined with
images obtained using a Nikon Eclipse Ti2 microscope with differential interference contrast
(DIC) imaging and NIS-Elements Advanced Research Version 5 software. Morphologies of cells
in 10 fields of view were compared. Those morphologies with at least 51% consistency were
considered the predominant phenotype.

Immunofluorescence Study
To visually determine the effect of pharmacological treatment on the Golgi and

microtubule array of the cells, treatments were applied and images were collected. Two mL of
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cell suspension was plated on a 35-mm glass bottom dish at a density of 25,000 cells/mL. Cells
were incubated for 24 hours at 37 °C in an atmosphere of 5% COz in air. After 24 hours, the
DMEM was removed and replaced with serum-free DMEM and incubated for 24 hours in the
same conditions. After starvation, the cells were incubated for 12 hours, also in the same
conditions, with the pharmacological treatment.

Fixation of the cells was required for immunofluorescence. After the 12-hour treatment,
enough ice-cold anhydrous methanol (Sigma-Aldrich, catalog # 322415-100mL) to cover the
bottom of the dish was added and the plates were incubated at -20 °C for 5 minutes. After this
fixing period, the dishes were washed three times with sterile PBS (Cellgro, catalog #21-040-
CV) at 20 °C and then left in 2 mL PBS overnight at 5 °C to rehydrate the cells.

The following day, the PBS was removed from the dishes and replaced with 2 mL
blocking buffer (5% horse serum, ThermoFisher Scientific, catalog #16050-130; 1% bovine
serum albumin, BSA: Sigma-Aldrich, catalog #A7034; and PBS). After blocking, the buffer was
removed and 2 mL a-tubulin 1° antibody (Ab) (1:800 monoclonal rat a-tubulin 1° Ab:
ThermoFisher Scientific, catalog #MA1-80017; 5% horse serum, 1% bovine serum albumin,
PBS) was added and cells incubated for one hour at 20 °C. After incubating, the cells were rinsed
with PBS three times for five minutes each. Then, cells were incubated with 2 mL GM130 1° Ab
(1:800 polyclonal rabbit GM130 1° Ab: ThermoFisher Scientific, catalog #PA1-077; 5% horse
serum, 1% bovine serum albumin, PBS) for one hour at 20 °C. Again, cells were washed with
PBS three times for five minutes each. After 1° Ab incubation, the cells were incubated with 2
mL Alexa-Flour 568 (anti-rat Alexa-Flour 568 2° Ab: Thermofisher Scientific, catalog #A-
11077) and Alexa-Flour 488 (anti-rabbit Alexa-Flour 488 2° Ab: Thermofisher Scientific,

catalog #A-21206) in 5% horse serum, 1% bovine serum albumin and PBS for one hour at 20 °C.
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After the incubation period, the 2° Ab solution was removed, and 2 mL sterile PBS was added
for storage. Plates were kept at 20 °C in the dark while not in use.

After the addition of sterile PBS, images of the cells were obtained using a Nikon Eclipse
Ti2 microscope with multi-channel fluorescence imaging and NIS-Elements Advanced Research
Version 5 software. Areas of the cell expressing GM130 fluoresced green, while a-tubulin
fluoresced red. The red color was synthetically changed to blue using the NIS-Elements
Advanced Research software. The distributions of these structures within cells were analyzed in
10 fields of view. Those distributions with at least 51% consistency were considered the

predominant phenotype.
Pharmacological Treatments

Control Treatment

All experiments utilized a control condition during experiments to determine the effects
of the pharmacological agents. All control treatments consisted of DMEM, trehalose (Fisher
Scientific, catalog #BP2687100) and DMSO (Sigma Aldrich, catalog #276855-100ML).
Working concentrations for each of these reagents matched those of the pharmacological agent

treatments.

EGF Treatment

To promote cellular motility, EGF treatments were added to the cells. EGF was added to
a solution of trehalose and PBS, stabilizing the EGF in the stock solution. To create the stock
solution, 100 ug EGF (Gibco, catalog #PHG0313) was added to 990 uL of a 15% solution of
trehalose in PBS. This resulted in a 100 pg/mL EGF stock solution. This solution was separated
into aliquots of 10 pL and stored at -20 °C until needed. When required, the stock solution

aliquot was thawed and diluted further into 9990 uL. of DMEM, resulting in a new stock solution



34

of 100 ng/mL. The working solution of EGF in treatments was 10 ng/mL (Grady and Lundin-

Schiller, personal communication).

Golgi Disruption Treatment

To disrupt the Golgi, cells were treated with BFA. The original stock of 1 mg BFA (EMD
Millipore, catalog #20-372-91MG) was diluted with 2 mL DMSO, resulting in a 500 pg/mL
BFA stock solution. This solution was separated into 10 pL aliquots and kept at -20 °C until
needed. The working concentration of the treatment for experiments was 50 ng/mL (Bershadsky
and Futerman, 1994). This solution was made by diluting 10 pL of the BFA stock solution into
9985 uL DMEM. An additional 5 pL of DMSO was added to the solution to control for the
DMSO required in the nocodazole solution. For those treatments requiring EGF, 500 pL of stock
EGF solution was added to 4500 pL of BFA solution. To control for the trehalose in the EGF
working solution, 1.1 pL of trehalose was added to the remaining 5000 uL of BFA solution. The

final working solution of the BFA/EGF solution was 50 ng/mL BFA and 10 ng/mL EGF.

Microtubule Disruption Treatment

Microtubules were disrupted during experimentation using nocodazole. A stock solution
was made by diluting 2 mg of nocodazole (Sigma Aldrich, catalog #M1404-2MQG) into 1 mL of
DMSO, resulting in a 2000 pg/mL stock solution. The stock solution was separated into 15 pL
aliquots and stored at -20 °C until needed. The working concentration of the treatment for
experiments was 3 pg/mL (Zahn and Lundin-Schiller, 2016). This solution was made by diluting
15 pL of the nocodazole stock solution into 9985 uL. DMEM. For those treatments requiring
EGF, 500 pL of stock EGF solution was added to 4500 uL of nocodazole solution. To control

for the trehalose in the EGF working solution, 1.1 pL of trehalose was added to the remaining
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5000 pL of nocodazole solution. The final working solution of the nocodazole/EGF solution was

3 pug/mL nocodazole and 10 ng/mL EGF.

Endogenous Molecule Treatment

To determine the effect of potential endogenous signaling, which occurs in a
physiological environment, heat inactivated fetal bovine serum (HI FBS: Gibco, catalog #16140-
063) was included in some treatments. Except for the immunofluorescence study, cells were
starved and then treatments were given that included or omitted the presence of 10% FBS, for

each of the experiments.
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CHAPTER IV

Results
Comparing the Cell Types

Establishing Control Behavior

The two cell types have very different migratory behaviors. In the absence of FBS, the
scratch separating the MDA-MB-231 cell fronts narrows by 250 um greater than MCF7 cells
(Figure 2, p<0.0001). This variation in migratory potential is even more apparent in the presence

of FBS, with a difference of 400 um in gap distance (Figure 2, p<0.0001).
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Figure 2. Comparing migration between the two cell types, in the presence or absence of FBS.
Average (n=40 for MCF7 FBS absent and present, £ STD; n=60 for MDA-MB-231 FBS absent,
+ STD; n=45 for MDA-MB-231, + STD; MCF7 vs. MDA-MB-231 FBS Absent: p<0.0001;
MCF7 vs. MDA-MB-231 FBS Present: p<0.0001) change in gap distance of each cell type after
12 hours. Experiments were conducted after FBS starvation, with or without the presence of
additional FBS (10%) during wound healing. Asterisk (*) represents significance.
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Figure 3. Images of scratch wound assay and associated scratch width measurements. Images
were collected with bright-field microscopy using a 4x objective. A) Scratch wound assay using
MCF7 cells, immediately after scratch. Experiments were conducted after FBS starvation.
Scratch width measurements (um) are reported in the yellow key. B) Scratch wound assay using
MCF7 cells, 12 hours after scratching. Experiments were conducted after FBS starvation.
Scratch width measurements (um) are reported in the yellow key. C) Scratch wound assay using
MDA-MB-231 cells, immediately after scratch. Experiments were conducted after FBS
starvation. Scratch width measurements (um) are reported in the yellow key. D) Scratch wound
assay using MDA-MB-231 cells, 12 hours after scratching. Experiments were conducted after
FBS starvation. Scratch width measurements (pum) are reported in the yellow key.
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The morphology of each cell type also differs. MCF7 cells in control conditions, in the
absence of FBS, have an epithelial morphology and cluster more closely than MDA-MB-231
cells (Figure 4A; Table 1). Instead, MDA-MB-231 cells have a mesenchymal morphology and
are organized more sparsely (Figure 4C; Table 1). In the presence of FBS, the morphology of the
cells does not vary greatly. The cell bodies of MCF7 cells present a more mesenchymal
morphology than when FBS is absent, however they are still more rounded than MDA-MB-231
cells (Figures 4B, 4C). In the presence of FBS, MDA-MB-231 cells appear to lose the linear

shape that they normally display, and instead have much wider leading edges (Figure 4D).
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Figure 4. Morphology of each cell type, in the presence or absence of FBS. Images were
collected with DIC microscopy using a 40x objective. Inset pictures collected with 10x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Morphology of MCF7 cell after 12 hours of treatment. Experiments were conducted after FBS
starvation. B) Morphology of MCF7 cell after 12 hours of treatment. Experiments were
conducted after FBS starvation, with supplemental FBS (10%) after starving. C) Morphology of
MDA-MB-231 cell after 12 hours of treatment. Experiments were conducted after FBS
starvation. D) Morphology of MDA-MB-231 cell after 12 hours of treatment. Experiments were
conducted after FBS starvation, with supplemental FBS (10%) after starving.
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Table 1. Morphology of each cell type, with or without FBS (10%), observed from 10 fields of

view with DIC microscopy using a 40x objective.

Cell Type Treatment Cell Mprphology # of Cells
ot | o T
MCF7 Control + FBS ME;’;EZZ% N "
oo | e T
MDA-MB-231 Control + FBS ME;’;EZZ% N o

When cellular components of each cell type are analyzed through the use of

immunofluorescence, there are a few notable differences. The GM 130, indicative of the Golgi

and labeled green, of control MCF7 cells is heavily concentrated at the nucleus (Figure 5A;

Table 2). This same structure appears to be more diffuse in control MDA-MB-231 cells;

however, the leading edge of these cells also displays a fairly concentrated presence of GM130

(Figure 5B; Table 2).

The nuclear area of control MCF7 cells is mostly devoid of a-tubulin, labeled blue

(Figure 5A; Table 2). This same phenomenon is not as drastic in control MDA-MB-231 cells

(Figure 5B; Table 2). In both control cell types, a-tubulin is present throughout the rest of the

cell, including the leading edge.
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Figure 5. Immunofluorescence of GM130 (green) and a-tubulin (blue) in each cell type. Images
were collected with multi-channel fluorescence microscopy using a 60x objective. Scale bar is
representative of 10 pm. Figure is representative of 10 fields of view. A) Organization of the
Golgi and microtubules within the MCF7 cell at 12 hours after treatment. Experiments were
conducted after FBS starvation. B) Organization of the Golgi and microtubules within the MDA -
MB-231 cell at 12 hours after treatment. Experiments were conducted after FBS starvation.

Table 2. Organization of the microtubules (MT) and Golgi distribution of each cell type, with or
without FBS (10%), observed from 10 fields of view with multi-channel fluorescence
microscopy using a 60x objective.

# of Golgi # of
Cell Type | Treatment | MT Organization Cells Distribution Cells
Heavily
Concentrated 16 Compact 33
MCE7 Control Diffuse 23 Diffuse 6
Heavily
MDA-MB-
231 Control Concentrated 10 Compact 23
Diffuse 24 Diffuse 11




42

Addition of EGF

Those cells that are treated with EGF have a greater migratory behavior, in both cell

types (Figures 6, 7; both cell types: p<0.0001).
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Figure 6. Comparing EGF-induced migration in each cell type. Average (MCF7 Control n=40, +
STD; MCF7 EGF Present n=45, + STD; MDA-MB-231 Control n=60, + STD; MDA-MB-231
EGF Present n=45, £ STD; MCF7 Control vs. MCF7 EGF Present: p<0.0001; MDA-MB-231
Control vs. MDA-MB-231 EGF Present: p=<0.0001) change in gap distance of each cell type
after 12 hours. Experiments were conducted after FBS starvation with EGF (10 ng/mL)
supplementation. Asterisk (*) represents significance compared to the control.
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Figure 7. Images of EGF-induced scratch wound assay and associated scratch width
measurements. Images were collected with bright-field microscopy using a 4x objective. A)
Scratch wound assay using MCF7 cells, immediately after scratch. Experiments were conducted
after FBS starvation, with supplemental EGF (10 ng/mL) after starving. Scratch width
measurements (im) are reported in the yellow key. B) Scratch wound assay using MCF7 cells,
12 hours after scratching. Experiments were conducted after FBS starvation, with supplemental
EGF (10 ng/mL) after starving. Scratch width measurements (pum) are reported in the yellow key.
C) Scratch wound assay using MDA-MB-231 cells, immediately after scratch. Experiments were
conducted after FBS starvation, with supplemental EGF (10 ng/mL) after starving. Scratch width
measurements (im) are reported in the yellow key. D) Scratch wound assay using MDA-MB-
231 cells, 12 hours after scratching. Experiments were conducted after FBS starvation, with
supplemental EGF (10 ng/mL) after starving. Scratch width measurements (um) are reported in
the yellow key.
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The presence of EGF increases the likelihood that cells of either type migrate more
closely to one another (Figure 8). MCF7 cells, specifically, migrate toward one another and
maintain an epithelial state, forming dense masses of cells (Figure 8B; Table 3). MDA-MB-231
cells treated with EGF also migrate toward one another, however they also produce very long,
thin cell projections leading from one cell to another (Figure 8D). These cells retain the

mesenchymal morphology that control MDA-MB-231 cells exhibit (Figures 8C, 8D; Table 3).
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Figure 8. EGF-induced morphology of each cell type. Images were collected with DIC
microscopy using a 40x objective. Scale bar is representative of 10 um. Figure is representative
of 10 fields of view. A) Morphology of MCF7 cell after 12 hours of treatment. Experiments were
conducted after FBS starvation. B) Morphology of MCF7 cell after 12 hours of treatment.
Experiments were conducted after FBS starvation, with supplemental EGF (10 ng/mL) after
starving. C) Morphology of MDA-MB-231 cell after 12 hours of treatment. Experiments were
conducted after FBS starvation. D) Morphology of MDA-MB-231 cell after 12 hours of
treatment. Experiments were conducted after FBS starvation, with supplemental EGF (10
ng/mL) after starving.
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Table 3. Morphology of each cell type, with or without EGF (10 ng/mL), observed from 10
fields of view with DIC microscopy using a 40x objective.

Cell Type Treatment Cell Morphology # of Cells
oo | T
oo | T

The immunofluorescence images captured of cells treated with EGF indicate increased

microtubule presence in each cell type (Figures 9B, D; Table 4). In MCF7 cells, the Golgi is

diffused around the nucleus (Figure 9B). In MDA-MB-231 cells, GM130 expression is increased

at the leading edges (Figure 9D).
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Figure 9. EGF-induced immunofluorescence of GM130 (green) and a-tubulin (blue) in each cell
type. Images were collected with multi-channel fluorescence microscopy using a 60x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Organization of the Golgi and microtubules within the MCF7 cell at 12 hours after treatment.
Experiments were conducted after FBS starvation. B) Organization of the Golgi and
microtubules within the MCF7 cell at 12 hours after treatment. Experiments were conducted
after FBS starvation, with supplemental EGF (10 ng/mL) after starving. C) Organization of the
Golgi and microtubules within the MDA-MB-231 cell at 12 hours after treatment. Experiments
were conducted after FBS starvation. D) Organization of the Golgi and microtubules within the
MDA-MB-231 cell at 12 hours after treatment. Experiments were conducted after FBS
starvation, with supplemental EGF (10 ng/mL) after starving.
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Table 4. Organization of the microtubule (MT) and Golgi distribution in each cell type, with or
without EGF (10 ng/mL), observed from 10 fields of view with multi-channel fluorescence
microscopy using a 60x objective.

# of # of
Cell Type | Treatment | MT Organization  Cells | Golgi Distribution Cells
Heavily
Concentrated 16 Compact 33
MCF7 | Control Diffuse 23 Diffuse 6
Heavily
Concentrated 20 Compact 3
MCF7 EGF Diffuse 15 Diffuse 32
Heavily
MDA-MB- Concentrated 10 Compact 23
231 Control
Diffuse 24 Diffuse 11
Heavily
MDA-MB- Concentrated 30 Compact 7
231
EGF Diffuse 7 Diffuse 30
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Addition of EGF & FBS

Because the microenvironment of these cells in vivo possesses many other molecules
involved in cellular processes, which are often produced at other sites throughout the body and
transported by serum, supplemental FBS was given to the cells during treatment to replicate the
presence of these molecules. There was a significant increase in the migration of both cell types
when supplemented with EGF and FBS (Figure 10; MCF7: p=0.0035, MDA-MB-231:

p=0.0023).
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Figure 10. Comparing EGF-induced migration in each cell type supplemented with FBS.
Average (MCF7 Control n=40, + STD; MCF7 EGF Present n=45; MDA-MB-231 Control and
EGF Present n=45; MCF7 Control vs. EGF Present: p=0.0035; MDA-MB-231 Control vs. EGF
Present: p=0.0023) change in gap distance of each cell type after 12 hours. Experiments were
conducted after FBS starvation with supplementation of EGF (10 ng/mL), as well as the presence
of additional FBS (10%) during wound healing. Asterisk (*) represents significance compared to
the control.
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Figure 11. Images of EGF- and BFA-induced scratch wound assay and associated scratch width
measurements, supplemented with FBS. Images were collected with bright-field microscopy
using a 4x objective. A) Scratch wound assay using MCF7 cells, immediately after scratch.
Experiments were conducted after FBS starvation, with supplemental EGF (10 ng/mL) and FBS
(10%) after starving. Scratch width measurements (um) are reported in the yellow key. B)
Scratch wound assay using MCF7 cells, 12 hours after scratching. Experiments were conducted
after FBS starvation, with supplemental EGF (10 ng/mL) and FBS (10%) after starving. Scratch
width measurements (um) are reported in the yellow key. C) Scratch wound assay using MDA-
MB-231 cells, immediately after scratch. Experiments were conducted after FBS starvation, with
supplemental EGF (10 ng/mL) and FBS (10%) after starving. Scratch width measurements (um)
are reported in the yellow key. D) Scratch wound assay using MDA-MB-231 cells, 12 hours
after scratching. Experiments were conducted after FBS starvation, with supplemental EGF (10
ng/mL) and FBS (10%) after starving. Scratch width measurements (um) are reported in the
yellow key.
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The morphology of each cell type when treated with EGF and FBS resembled the
morphology of cells treated solely with EGF (Figures 8, 12; Tables 3, 5). The MDA-MB-231
cells treated with both reagents had slightly longer and slender projections than EGF only treated

MDA-MB-231 cells (Figure 12).
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Figure 12. EGF-induced morphology of each cell type, with FBS supplementation. Images were
collected with DIC microscopy using a 40x objective. Scale bar is representative of 10 pm.
Figure is representative of 10 fields of view. A) Morphology of MCF7 cell after 12 hours of
treatment. Experiments were conducted after FBS starvation, with supplemental FBS (10%) after
starving. B) Morphology of MCF7 cell after 12 hours of treatment. Experiments were conducted
after FBS starvation, with supplemental EGF (10 ng/mL) and FBS (10%) after starving. C)
Morphology of MDA-MB-231 cell after 12 hours of treatment. Experiments were conducted
after FBS starvation, with supplemental FBS (10%) after starving. D) Morphology of MDA-
MB-231 cell after 12 hours of treatment. Experiments were conducted after FBS starvation, with
supplemental EGF (10 ng/mL) and FBS (10%) after starving.
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Table 5. Morphology of each cell type supplemented with FBS (10%), with or without EGF (10
ng/mL), observed from 10 fields of view with DIC microscopy using a 40x objective.

Cell Type Treatment Cell Morphology # of Cells
|+ FBS Epithelial 80
+
Contro Mesenchymal 12
MCEF7 Epithelial 60
+
EGF + FBS Mesenchymal 9
Epithelial 13
+
Control + FBS Mesenchymal 60
MDA-MB-231 Epithelial 7
+
EGF + FBS Mesenchymal 51

EGF treatment produced a significantly larger change in gap distance than the control
condition for both cell types (Figures 13, 14; both cell types: p<0.0001). There was no
significant difference in the change in gap distance between EGF treatment and the addition of
FBS to this treatment in MCF7 cells (Figure 13; p=0.8217). However, there was a significant

difference with the addition of FBS in the MDA-MB-231 cell type (Figure 14; p<0.0001).
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Figure 13. Comparing EGF-induced MCF7 cell migration, with or without supplementation of
FBS. Average (MCF7 Control n=40, + STD; MCF7 EGF Present n=45, + STD; MCF7 EGF and
FBS Present n=45, + STD; Control vs. EGF: p<0.0001; Control vs EGF+ FBS: p<0.001; EGF vs
EGF + FBS: p=0.8217) change in gap distance for control and treated cells after 12 hours.
Experiments were conducted after FBS starvation, with or without the presence of additional
EGF (10 ng/mL) and FBS (10%) during wound healing. Asterisk (*) represents significance
compared to the control.
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Figure 14. Comparing EGF-induced MDA-MB-231 cell migration, with or without
supplementation of FBS. Average (MDA-MB-231 Control n=60, £ STD; MDA-MB-231 EGF
Present n=45, + STD; MDA-MB-231 EGF and FBS Present n=45, + STD; Control vs. EGF:
p<0.0001; Control vs EGF and FBS: p<0.0001; EGF vs EGF and FBS: p<0.0001) change in gap
distance for control and treated cells after 12 hours. Experiments were conducted after FBS
starvation, with or without the presence of additional EGF (10 ng/mL) and FBS (10%) during
wound healing. Asterisk (*) represents significance compared to the control. Double asterisks
(**) represent significance compared to EGF treatment.
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Pharmacological Treatments

Disruption of the Golgi

Disruption of the Golgi, through the treatment of cells with BFA, produced varying
differences in the change in gap distance. For MCF7 cells, migration appeared to be, but was not
significantly different, when treated with BFA (Figure 15; p=0.0572). The addition of BFA and
EGF did produce a significant change in gap distance as compared to the control or solely BFA
treated cells (Figure 15; p<0.0001). Unexpectedly, supplementing BFA and EGF with FBS
produced a significantly lower change in gap distance than BFA and EGF treatment; however,
this change was significantly higher than control or solely BFA treated cells (Figure 15; BFA

and EGF: p=0.0302, control: p=0.0145, BFA: p=0.0007).
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Figure 15. Golgi-disrupted MCF7 cell migration rate, with or without supplementation of EGF or
FBS. Average (MCF7 Control n=40, + STD; MCF7 BFA Present n=45, + STD; MCF7 BFA and
EGF Present n=45, + STD; MCF7 BFA, EGF and FBS Present n=60, + STD; Control vs. BFA:
p=0.0572; Control vs BFA and EGF: p=0.0004; Control vs BFA, EGF and FBS: p=0.0145; BFA
vs. BFA and EGF: p<0.0001; BFA vs. BFA, EGF and FBS: p=0.0007; BFA and EGF vs. BFA,
EGF and FBS: p=0.0302) change in gap distance for control and treated cells after 12 hours.
Experiments were conducted after FBS starvation, with or without the presence of additional
EGF (10 ng/mL), BFA (50 ng/mL) and FBS (10%) during wound healing. Asterisk (*)
represents significance compared to the control. Double asterisks (**) represent significance
compared to BFA treatment. Triple asterisks (***) represent significance compared to BFA and

EGF treatment.
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Figure 16. Images of Golgi-disrupted MCF7 scratch wound assay and associated scratch width
measurements. Images were collected with bright-field microscopy using a 4x objective. A)
Scratch wound assay using MCF7 cells, immediately after scratch. Experiments were conducted
after FBS starvation. Scratch width measurements (pum) are reported in the yellow key. B)
Scratch wound assay using MCF7 cells, 12 hours after scratching. Experiments were conducted
after FBS starvation. Scratch width measurements (um) are reported in the yellow key. C)
Scratch wound assay using MCF7 cells, immediately after scratch. Experiments were conducted
after FBS starvation, with supplemental BFA (50 ng/mL) after starving. Scratch width
measurements (um) are reported in the yellow key. D) Scratch wound assay using MCF7 cells,
12 hours after scratching. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL) after starving. Scratch width measurements (um) are reported in the yellow
key. E) Scratch wound assay using MCF7 cells, immediately after scratch. Experiments were
conducted after FBS starvation, with supplemental BFA (50 ng/mL) and EGF (10 ng/mL) after
starving. Scratch width measurements (um) are reported in the yellow key. F) Scratch wound
assay using MCF7 cells, 12 hours after scratching. Experiments were conducted after FBS
starvation, with supplemental BFA (50 ng/mL) and EGF (10 ng/mL) after starving. Scratch
width measurements (um) are reported in the yellow key. G) Scratch wound assay using MCF7
cells, immediately after scratch. Experiments were conducted after FBS starvation, with
supplemental BFA (50 ng/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch width
measurements (um) are reported in the yellow key. H) Scratch wound assay using MCF7 cells,
12 hours after scratching. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch width measurements
(um) are reported in the yellow key.
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After a 12 hour period, the morphology of MCF7 cells is altered when BFA is present
(Figure 17B, Table 6). Compared to the control treatment, cells supplemented with only BFA
begin to lose the epithelial shape that they typically possess, and instead gain long cellular
extensions (Figure 17B). The same is true for cells treated with BFA and EGF, however these
cells have a higher number of long, thin protrusions on average (Figure 17C). Finally, the
addition of FBS, as well as the previous two reagents, appears to restore the majority of the cells

back to the control morphology (Figure 17D, Table 6).
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Figure 17. Golgi-disrupted morphology of the MCF7 cell type, in the presence or absence of
EGF and FBS. Images were collected with DIC microscopy using a 40x objective. Scale bar is
representative of 10 um. Figure is representative of 10 fields of view. A) Morphology of MCF7
cell after 12 hours of treatment. Experiments were conducted after FBS starvation. B)
Morphology of MCF7 cell after 12 hours of treatment. Experiments were conducted after FBS
starvation, with supplemental BFA (50 ng/mL) after starving. C) Morphology of MCF7 cell after
12 hours of treatment. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL) and EGF (10 ng/mL) after starving. D) Morphology of MCF7 cell after 12
hours of treatment. Experiments were conducted after FBS starvation, with supplemental BFA
(50 ng/mL), EGF (10 ng/mL) and FBS (10%) after starving.
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Table 6. Morphology of Golgi-disrupted MCF7 cells, with or without EGF (10 ng/mL), BFA (50
ng/mL) or FBS (10%), observed from 10 fields of view with DIC microscopy using a 40x

objective.
Cell Type Treatment Cell Morphology # of Cells
Epithelial 71
Control Mesenchymal 16
BFA Epithelial 32
Mesenchymal 40
MCF7 Epithelial 43
BFA + EGF

G Mesenchymal 33
Epithelial 53

+ +
BEA + EGF+ FBS Mesenchymal 16

Analysis of immunofluorescence staining of the MCF7 reveals that the Golgi is in fact

more dispersed with BFA treatment (Figures 18A, B; Table 7). The GM130 is more diffuse than

in the control conditions. It appears that the addition of EGF results in a more compact

organization of the Golgi at the nucleus, however the microtubules of these same cells are

severely stunted (Figure 18C; Table 7).
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Figure 18. Immunofluorescence of GM 130 (green) and a-tubulin (blue) of Golgi-disrupted
MCEF7 cells. Images were collected with multi-channel fluorescence microscopy using a 60x
objective. Scale bar is representative of 10 pm. Figure is representative of 10 fields of view. A)
Organization of the Golgi and microtubules within the MCF7 cell at 12 hours after treatment.
Experiments were conducted after FBS starvation. B) Organization of the Golgi and
microtubules within the MCF7 cell at 12 hours after treatment. Experiments were conducted
after FBS starvation, with supplemental BFA (50 ng/mL) after starving. C) Organization of the
Golgi and microtubules within the MCF7 cell at 12 hours after treatment. Experiments were
conducted after FBS starvation, with supplemental BFA (50 ng/mL) and EGF (10 ng/mL) after
starving.
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Table 7. Organization of the microtubule (MT) and Golgi distribution in Golgi-disrupted MCF7
cells, with or without BFA (50 ng/mL) or EGF (10 ng/mL), observed from 10 fields of view with

multi-channel fluorescence microscopy using a 60x objective.

# of
Cell Type | Treatment | MT Organization  # of Cells | Golgi Distribution Cells
Heavily
Control Concentrated 16 Compact 33
Diffuse 23 Diffuse 6
MCF7 Heavily
BFA Concentrated 22 Compact 3
Diffuse 6 Diffuse 25
BFA + Heavily
EGF Concentrated 11 Compact 10
Diffuse 18 Diffuse 19

BFA has a robust impact on the migration of the MDA-MB-231 as any treatment

containing it caused a significant decrease in migration, as compared to control conditions, after

12 hours, regardless of EGF or FBS presence (Figure 19; BFA: p<0.0001, BFA and EGF:

p<0.0001 , BFA, EGF and FBS: p=0.0087). Although the addition of EGF and FBS to the BFA

treatment did not rescue the migratory behavior to control condition rates, it did produce a

significantly larger change in gap distance than solely BFA or BFA and EGF treated cells

(Figure 19; BFA: p<0.0001, BFA and EGF: p=0.0004).
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Figure 19. Golgi-disrupted migration of MDA-MB-231 cells, with or without supplementation of
EGF or FBS. Average (MDA-MB-231 Control n=60, £+ STD; MDA-MB-231 BFA Present n=55,
+ STD; MDA-MB-231 BFA and EGF Present n=50, + STD; MDA-MB-231 BFA, EGF and FBS
Present n=45, = STD; Control vs. BFA: p<0.0001; Control vs BFA and EGF: p<0.0001; Control
vs BFA, EGF and FBS: p=0.0087; BFA vs. BFA and EGF: p=0.8632; BFA vs. BFA, EGF and
FBS: p<0.0001; BFA and EGF vs. BFA, EGF and FBS: p=0.0004) change in gap distance for
control and treated cells after 12 hours. Experiments were conducted after FBS starvation, with
or without the presence of additional EGF (10 ng/mL), BFA (50 ng/mL) and/ FBS (10%) during
wound healing. Asterisk (*) represents significance compared to the control. Double asterisks
(**) represent significance compared to BFA treatment. Triple asterisks (***) represent
significance compared to BFA and EGF treatment.
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Figure 20. Images of Golgi-disrupted MDA-MB-231 cell scratch wound assay and associated
scratch width measurements. Images were collected with bright-field microscopy using a 4x
objective. A) Scratch wound assay using MDA-MB-231 cells, immediately after scratch.
Experiments were conducted after FBS starvation. Scratch width measurements (pm) are
reported in the yellow key. B) Scratch wound assay using MDA-MB-231 cells, 12 hours after
scratching. Experiments were conducted after FBS starvation. Scratch width measurements (pum)
are reported in the yellow key. C) Scratch wound assay using MDA-MB-231 cells, immediately
after scratch. Experiments were conducted after FBS starvation, with supplemental BFA (50
ng/mL) after starving. Scratch width measurements (um) are reported in the yellow key. D)
Scratch wound assay using MDA-MB-231 cells, 12 hours after scratching. Experiments were
conducted after FBS starvation, with supplemental BFA (50 ng/mL) after starving. Scratch width
measurements (um) are reported in the yellow key. E) Scratch wound assay using MDA-MB-231
cells, immediately after scratch. Experiments were conducted after FBS starvation, with
supplemental BFA (50 ng/mL) and EGF (10 ng/mL) after starving. Scratch width measurements
(um) are reported in the yellow key. F) Scratch wound assay using MDA-MB-231 cells, 12
hours after scratching. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL) and EGF (10 ng/mL) after starving. Scratch width measurements (pm) are
reported in the yellow key. G) Scratch wound assay using MDA-MB-231 cells, immediately
after scratch. Experiments were conducted after FBS starvation, with supplemental BFA (50
ng/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch width measurements (um) are
reported in the yellow key. H) Scratch wound assay using MDA-MB-231 cells, 12 hours after
scratching. Experiments were conducted after FBS starvation, with supplemental BFA (50
ng/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch width measurements (um) are
reported in the yellow key.
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Just as the morphology of MCF7 cells was impacted by treatment with BFA, so too is the
morphology of MDA-MB-231 cells. Treatment with solely BFA causes the cells to begin to
round or stunt their protrusions (Figure 21B; Table 8). Interestingly, there is an area of the BFA
treated cell, typically located around the nucleus, which appears to be webbed (Figure 21B). This
phenomenon is persistent, even when EGF and FBS are added to the cells (Figures 21C, D).
Supplementing the cells with FBS prevents the common rounding that is seen in other treatments

(Figured 21D; Table 8).
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Figure 21. Golgi-disrupted morphology of the MDA-MB-231 cell type, in the presence or
absence of EGF and FBS. Images were collected with DIC microscopy using a 40x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Morphology of MDA-MB-231 cell after 12 hours of treatment. Experiments were conducted
after FBS starvation, with no supplemental EGF or FBS after starving. B) Morphology of MDA-
MB-231 cell after 12 hours of treatment. Experiments were conducted after FBS starvation, with
supplemental BFA (50 ng/mL) given after starving. C) Morphology of MDA-MB-231 cell after
12 hours of treatment. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL) and EGF (10 ng/mL) after starving. D) Morphology of MDA-MB-231 cell
after 12 hours of treatment. Experiments were conducted after FBS starvation, with supplemental
BFA (50 ng/mL), EGF (10 ng/mL) and FBS (10%) given after starving.
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Table 8. Morphology of Golgi-disrupted MDA-MB-231 cells, with and without EGF (10
ng/mL), BFA (50 ng/mL) or FBS (10%), observed from 10 fields of view with DIC microscopy
using a 40x objective.

Cell Type Treatment Cell Mprphology # of Cells
o[ o
MDA-MB-231 BFA Mggrﬁl;?rll ; ?g
C -
BFA + EGF + FBS Mfgrtﬁil;rll y éé

Immunofluorescence imaging of MDA-MB-231 cells may explain the webbed structure
seen on the cell. In cells treated with only BFA, the microtubule array is disorganized and
appears to be less concentrated in the area that the webbing would appear (Figure 22B; Table 9).
This structure appears to be rescued with the addition of EGF, with GM130 collecting especially

at the protrusions leading out from the cell (Figure 22C; Table 9).



71

Figure 22. Golgi-disrupted MDA-MB-231 immunofluorescence of GM130 (green) and a-tubulin
(blue). Images were collected with multi-channel fluorescence microscopy using a 60x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Organization of the Golgi and microtubules within the MDA-MB-231 cell at 12 hours after
treatment. Experiments were conducted after FBS starvation. B) Organization of the Golgi and
microtubules within the MDA-MB-231 cell at 12 hours after treatment. Experiments were
conducted after FBS starvation, with supplemental BFA (50 ng/mL) after starving. C)
Organization of the Golgi and microtubules within the MDA-MB-231 cell at 12 hours after
treatment. Experiments were conducted after FBS starvation, with supplemental BFA (50
ng/mL) and EGF (10 ng/mL) after starving.
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Table 9. Organization of the microtubule (MT) and Golgi distribution for Golgi-disrupted MDA-
MB-231 cells, with or without BFA (50 ng/mL) or EGF (10 ng/mL), observed from 10 fields of
view with multi-channel fluorescence microscopy using a 60x objective.

# of Golgi # of
Cell Type | Treatment | MT Organization Cells Distribution Cells
Heavily
Control Concentrated 10 Compact 23
Diffuse 24 Diffuse 11
Heavily
MDA-MB- BFA Concentrated 3 Compact 5
231 Diffuse 19 Diffuse 17
Heavily
BFA + Concentrated 18 Compact 18
EGF Diffuse 9 Diffuse 9
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Disruption of the Microtubules

Disruption of the microtubules in MCF7 cells, by way of treatment with nocodazole, had
no statistically significant effect on the change in gap size after 12 hours, although there appears
to be a visible trend (Figure 23; p=0.2583). The addition of EGF and FBS significantly increased

the change in gap distance (Figure 23; p=0.0029).
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Figure 23. Comparing migration of microtubule-disrupted MCF7 cells, with and without
supplementation of EGF and FBS. Average (MCF7 Control n=40, £ STD; MCF7 Nocodazole
Present n=55, = STD; MCF7 Nocodazole and EGF Present n=60, + STD; MCF7 Nocodazole,
EGF and FBS Present n=30, = STD; Control vs. Nocodazole: p=0.2583; Control vs Nocodazole
and EGF: p=0.6577; Control vs Nocodazole, EGF and FBS: p=0.0029; Nocodazole vs.
Nocodazole and EGF: p=0.5252; Nocodazole vs. Nocodazole, EGF and FBS: p=0.0986;
Nocodazole and EGF vs. Nocodazole, EGF and FBS: p=0.0199) change in gap distance for
control and treated cells after 12 hours. Experiments were conducted after FBS starvation, with
or without the presence of additional EGF (10 ng/mL), nocodazole (3 pg/mL) and FBS (10%)
during wound healing. Asterisk (*) represents significance compared to the control. Double
asterisks (**) represent significance compared to nocodazole and EGF treatment.
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Figure 24. Images of microtubule-disrupted MCF7 cell scratch wound assay and associated
scratch width measurements. Images were collected with bright-field microscopy using a 4x
objective. A) Scratch wound assay using MCF7 cells, immediately after scratch. Experiments
were conducted after FBS starvation. Scratch width measurements (um) are reported in the
yellow key. B) Scratch wound assay using MCF7 cells, 12 hours after scratching. Experiments
were conducted after FBS starvation. Scratch width measurements (um) are reported in the
yellow key. C) Scratch wound assay using MCF7 cells, immediately after scratch. Experiments
were conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) after starving.
Scratch width measurements (um) are reported in the yellow key. D) Scratch wound assay using
MCF7 cells, 12 hours after scratching. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL) after starving. Scratch width measurements (um) are
reported in the yellow key. E) Scratch wound assay using MCF7 cells, immediately after scratch.
Experiments were conducted after FBS starvation, with supplemental nocodazole (3 ng/mL) and
EGF (10 ng/mL) after starving. Scratch width measurements (pum) are reported in the yellow key.
F) Scratch wound assay using MCF7 cells, 12 hours after scratching. Experiments were
conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) and EGF (10 ng/mL)
after starving. Scratch width measurements (um) are reported in the yellow key. G) Scratch
wound assay using MCF7 cells, immediately after scratch. Experiments were conducted after
FBS starvation, with supplemental nocodazole (3 pg/mL), EGF (10 ng/mL) and FBS (10%) after
starving. Scratch width measurements (um) are reported in the yellow key. H) Scratch wound
assay using MCF7 cells, 12 hours after scratching. Experiments were conducted after FBS
starvation, with supplemental nocodazole (3 pg/mL), EGF (10 ng/mL) and FBS (10%) after
starving. Scratch width measurements (pum) are reported in the yellow key.

Comparing the morphology of MCF7 cells with and without treatment, there appear to be
no differences. The cells given only nocodazole were more sparsely organized than any of the
other treatments (Figure 25B). Interestingly, the morphology of the MCF7 cells treated with
nocodazole, EGF and FBS were more mesenchymal than in any of the other conditions (Figure

25D; Table 10).
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Figure 25. Microtubule-disrupted morphology of the MCF7 cell type, in the presence or absence
of EGF and FBS. Images were collected with DIC microscopy using a 40x objective. Scale bar
is representative of 10 pm. Figure is representative of 10 fields of view. A) Morphology of
MCEF7 cell after 12 hours of treatment. Experiments were conducted after FBS starvation. B)
Morphology of MCF7 cell after 12 hours of treatment. Experiments were conducted after FBS
starvation, with supplemental nocodazole (3 pg/mL) given after starving. C) Morphology of
MCEFT7 cell after 12 hours of treatment. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL) and EGF (10 ng/mL) after starving. D) Morphology of
MCEFT7 cell after 12 hours of treatment. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL), EGF (10 ng/mL) and FBS (10%) given after starving.
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Table 10. Morphology of microtubule-disrupted MCF7 cells, with or without EGF (10 ng/mL),
nocodazole (3 pg/mL) or FBS (10%), observed from 10 fields of view with DIC microscopy
using a 40x objective.

Cell Type Treatment Cell Morphology # of Cells
Epithelial 71
Control Mesenchymal 16
Epithelial 71
Nocodazole Mesenchymal 10
MCF7 Epithelial 63
Nocodazole + EGF Mesenchymal 21
Epithelial 46
Nocodazole + EGF + FBS Mesenchymal 36

Immunofluorescence imaging supports the disruption of the Golgi, as well as the
typically organized microtubule array, with the application of nocodazole treatment (Figure 26B;
Table 11). Both structures rescued with EGF treatment, however not to the extent which control

cells are organized (Figure 26D; Table 11).
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Figure 26. Microtubule-disrupted MCF7 immunofluorescence of GM130 (green) and a-tubulin
(blue). Images were collected with multi-channel fluorescence microscopy using a 60x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Organization of the Golgi and microtubules within the MCF7 cell at 12 hours after treatment.
Experiments were conducted after FBS starvation. B) Organization of the Golgi and
microtubules within the MCF7 cell at 12 hours after treatment. Experiments were conducted
after FBS starvation, with supplemental nocodazole (3 pg/mL) after starving. C) Organization of
the Golgi and microtubules within the MCF7 cell at 12 hours after treatment. Experiments were
conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) and EGF (10 ng/mL)
after starving.
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Table 11. Organization of the microtubule (MT) and Golgi distribution for microtubule-disrupted
MCEF7 cells, with or without nocodazole (3 pg/mL) and EGF (10 ng/mL) observed from 10
fields of view with multi-channel fluorescence microscopy using a 60x objective.

# of Golgi # of
Cell Type | Treatment | MT Organization Cells Distribution Cells
Heavily
Control Concentrated 16 Compact 33
Diffuse 23 Diffuse 6
Heavily
Concentrated 19 Compact 2
Nocodazole Diffuse 17 Diffuse 34
MCEF7 Heavily
Noi(glé?)le Concentrated 15 Compact 20
Diffuse 18 Diffuse 13

MDA-MB-231 cells were significantly impacted by treatment with nocodazole, with an
approximately six-fold reduction in the change in gap distance after 12 hours (Figure 27;
p<0.0001). Neither the addition of EGF, nor FBS, was able to rescue the cells from the
significant reduction in migratory behavior (Figure 27; EGF: p=0.2681, EGF and FBS: p=0.

2529).
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Figure 27. Comparing migration of microtubule-disrupted MDA-MB-231 cells, with and without
supplementation of EGF or FBS. Average (MDA-MB-231 Control n=60, + STD; MDA-MB-231
Nocodazole Present n=55, + STD; MDA-MB-231 Nocodazole and EGF Present n=50, + STD;
MDA-MB-231 Nocodazole, EGF and FBS Present n=40, + STD; Control vs. Nocodazole:
p<0.0001; Control vs Nocodazole and EGF: p<0.0001; Control vs Nocodazole, EGF and FBS:
p<0.0001; Nocodazole vs. Nocodazole and EGF: p=0.2681; Nocodazole vs. Nocodazole, EGF
and FBS: p=0.2529; Nocodazole and EGF vs. Nocodazole, EGF and FBS: p=0.9279) change in
gap distance for control and treated cells after 12 hours. Experiments were conducted after FBS
starvation, with or without the presence of additional EGF (10 ng/mL), nocodazole (3 pg/mL)
and FBS (10%) during wound healing. Asterisk (*) represents significance compared to the
control.
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Figure 28. Images of microtubule-disrupted MDA-MB-231 cell scratch wound assay and
associated scratch width measurements. Images were collected with bright-field microscopy
using a 4x objective. A) Scratch wound assay using MDA-MB-231 cells, immediately after
scratch. Experiments were conducted after FBS starvation. Scratch width measurements (um) are
reported in the yellow key. B) Scratch wound assay using MDA-MB-231 cells, 12 hours after
scratching. Experiments were conducted after FBS starvation. Scratch width measurements (pum)
are reported in the yellow key. C) Scratch wound assay using MDA-MB-231 cells, immediately
after scratch. Experiments were conducted after FBS starvation, with supplemental nocodazole
(3 pg/mL) after starving. Scratch width measurements (um) are reported in the yellow key. D)
Scratch wound assay using MDA-MB-231 cells, 12 hours after scratching. Experiments were
conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) after starving. Scratch
width measurements (pum) are reported in the yellow key. E) Scratch wound assay using MDA -
MB-231 cells, immediately after scratch. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL) and EGF (10 ng/mL) after starving. Scratch width
measurements (um) are reported in the yellow key. F) Scratch wound assay using MDA-MB-231
cells, 12 hours after scratching. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL) and EGF (10 ng/mL) after starving. Scratch width
measurements (um) are reported in the yellow key. G) Scratch wound assay using MDA-MB-
231 cells, immediately after scratch. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch
width measurements (um) are reported in the yellow key. H) Scratch wound assay using MDA-
MB-231 cells, 12 hours after scratching. Experiments were conducted after FBS starvation, with
supplemental nocodazole (3 pg/mL), EGF (10 ng/mL) and FBS (10%) after starving. Scratch
width measurements (pm) are reported in the yellow key.
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Morphology of these cells are dramatically changed with nocodazole treatment. All
treated cells have significant rounding, losing many mesenchymal features (Figure 29; Table 12).
The combination treatment of nocodazole and EGF saved some of the mesenchymal features of
these cells but appeared to dwarf the morphology seen in the control MDA-MB-231 cells (Figure
29C, Table 12). Surprisingly, FBS had only a slight rescuing effect on the morphology of the

MDA-MB-231 cells (Figure 29D, Table 12).
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Figure 29. Microtubule-disrupted morphology of the MDA-MB-231 cell type, in the presence or
absence of EGF and FBS. Images were collected with DIC microscopy using a 40x objective.
Scale bar is representative of 10 um. Figure is representative of 10 fields of view. A)
Morphology of MDA-MB-231 cell after 12 hours of treatment. Experiments were conducted
after FBS starvation. B) Morphology of MDA-MB-231 cell after 12 hours of treatment.
Experiments were conducted after FBS starvation, with supplemental nocodazole (3 pg/mL)
given after starving. C) Morphology of MDA-MB-231 cell after 12 hours of treatment.
Experiments were conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) and
EGF (10 ng/mL) after starving. D) Morphology of MDA-MB-231 cell after 12 hours of
treatment. Experiments were conducted after FBS starvation, with supplemental nocodazole (3
pg/mL), EGF (10 ng/mL) and FBS (10%) given after starving.
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Table 12. Morphology of microtubule-disrupted MDA-MB-231 cells, with or without EGF (10
ng/mL), nocodazole (3 pg/mL) or FBS (10%), observed from 10 fields of view with DIC
microscopy using a 40x objective.

Cell Type Treatment Cell Morphology # of Cells
Epithelial 17
trol
Contro Mesenchymal 63
Nocodazole MEplthihal 1 ?g
MDA-MB-231 S
Nocodazole + EGF Epithelial 27
Mesenchymal 44
Nocodazole + EGF + Epithelial 48
FBS Mesenchymal 33

Observation of the microtubules in the immunofluorescence samples of nocodazole
treated MDA-MB-231 cells suggests a miniaturization of the arrays, as well as some loss in
organization (Figure 30B, Table 13). Interestingly, GM130 in these same cells is less centralized,
and expressed around the majority of the perimeter of the cell. More centralized GM130 is
observed throughout portions of the cell in the presence of EGF, however this molecule still

surrounds the perimeter of the cell (Figure 30C, Table 13).
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Figure 30. Microtubule-disrupted immunofluorescence in MDA-MB-231 cell of GM130 (green)
and a-tubulin (blue). Images were collected with multi-channel fluorescence microscopy using a
60x objective. Scale bar is representative of 10 um. Figure is representative of 10 fields of view.
A) Organization of the Golgi and microtubules within the MDA-MB-231 cell at 12 hours after
treatment. Experiments were conducted after FBS starvation. B) Organization of the Golgi and
microtubules within the MDA-MB-231 cell at 12 hours after treatment. Experiments were
conducted after FBS starvation, with supplemental nocodazole (3 pg/mL) after starving. C)
Organization of the Golgi and microtubules within the MDA-MB-231 cell at 12 hours after
treatment. Experiments were conducted after FBS starvation, with supplemental nocodazole (3
pg/mL) and EGF (10 ng/mL) after starving.
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Table 13. Organization of the microtubule (MT) and Golgi distribution for microtubule-disrupted

MDA-MB-231 cells, with or without nocodazole (3 ng/mL) or EGF (10 ng/mL).

Immunofluorescence was observed from 10 fields of view with multi-channel fluorescence

microscopy using a 60x objective.

# of Golgi # of
Cell Type Treatment | MT Organization  Cells Distribution Cells
Heavily
C | Concentrated 10 Compact 23
ontro Diffuse 24 Diffuse 11
Heavily
MDA-MB- Concentrated 13 Compact 8
231 Nocodazole Diffuse 20 Diffuse 25
Heavily
Nocodazole Concentrated 20 Compact 10
+ EGF Diffuse 5 Diffuse 15
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CHAPTER V

Discussion and Conclusions
Discussion

General Observations

Initial testing supported the predicted behavior of the two cancer cell types: the MDA-
MB-231 cells migrate more quickly than MCF7 cells (Figure 2). These results were expected as
previous work from our lab show that the MDA-MB-231 cell line has a more aggressive basal
migratory behavior than the MCF7 cell line in a scratch wound assay (Grady and Lundin-
Schiller, personal communication). This same behavior has also been noted in transwell assays
(Yokotsuka et al., 2011; Furtado et al., 2012; Hooshmand et al., 2013). Each cell line has a
unique morphology: MDA-MB-231 cells have a mesenchymal morphology, while MCF7 cells
are epithelial (Figure 4). Immunofluorescence assays indicate a more organized microtubule
array in the MDA-MB-231 cells, however the Golgi in these cells has a unique organization,
with high concentrations of the GM130 Golgi marker present both perinuclear and at the leading
edge (Figure 5). While this Golgi organization was apparent in our hands, other studies do not
provide evidence of this occurring during immunofluorescence experiments (Adams et al., 2010;
Baschieri et al., 2015). Notably, another Golgi protein marker, Giantin, is organized toward the

leading edge, however it is perinuclear (Dubois et al., 2017).

Disruption of the Golgi

Disruption of the Golgi with BFA treatment appears to have a small effect on the rate of
migration of MCF7 cells, however it has a significant effect on MDA-MB-231 cells (Figures 15,
19). This BFA-induced reduction in migration was also observed in an earlier study utilizing the
MDA-MB-231 cell line (Tseng et al., 2014). A previous study showed that BFA treatment, at a

concentration that was greater than ten times that of this study, results in the decrease of motility
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in mouse fibroblasts (Bershadsky and Futerman, 1994). The morphology of MCF7 cells do not
differ greatly between control and BFA treated cells, however some rounding does occur (Figure
17). Interestingly, just as the migration behavior of the MDA-MB-231 cells is greatly impacted
by BFA, so too is the morphology of these cells (Figure 21). Along with morphological changes,
the Golgi in each cell type was disrupted after treatment (Figure 22, Table 9). These results are in
agreement with those published during the preparation of this manuscript, showing a scattering
of the Golgi after BFA treatment in MDA-MB-231 cells (Luchsinger et al., 2018). This
disruption has been reported in a number of cell types, with the notable exception of MDCK
(Thyberg and Moskalewski, 1992; Reaves and Banting, 1992; van Meer and van’t Hof, 1993;
Bershadsky and Futerman, 1994). Due to the morphological changes that occur with this
treatment, it is likely that the modulation of Golgi-nucleated microtubules, and subsequent Golgi
disruption, play a role in the adhesion of these breast cancer cells, especially the MDA-MB-231

cell line.

Disruption of the Microtubules

Disruption of the microtubules with nocodazole has greater impacts on the MDA-MB-
231 cell type than the MCF7 cell type. The migration of MCF7 cells is not significantly impacted
by the microtubule disruption associated with this treatment (Figure 23). This resistance to
nocodazole treatment has also been observed in the adhesion and migration of cells derived from
tumor spheroids (Dorie et al., 1986). While others have noted a change in the morphology of
leukocytes with nocodazole treatment, this study and another from our lab found that MCF7 cells
were resistant to major morphological changes when given nocodazole (Keller et al., 1984; Zahn
and Lundin-Schiller, 2016). MDA-MB-231 cell migration is greatly impacted by treatment with

nocodazole (Figure 27). This treatment affects microtubules cell-wide, resulting in a much
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greater reduction in migratory behavior of these cells, compared to disruption of only the Golgi-
nucleated microtubules. There is a visible change in the morphology of the cells, with stunting of
cellular protrusions (Figure 29). Similar results have also been observed in fibroblasts, other
epithelial cells and vascular endothelial cells (Terasaki et al., 1986). These results suggest
potentially related mechanisms which result in the observed adhesion loss of the MDA-MB-231
cells due to nocodazole and BFA treatment.

Rescue

The addition of the chemoattractant EGF impacts the motility of MDA-MB-231 cells and
MCEFT7 cells, this was expected (Figures 13, 14; Zahn and Lundin-Schiller, 2016; Kozlova et al.,
2016). The addition of FBS, which contains EGF and other chemoattractants, significantly
increases the motility of each cell type (Figures 13, 14). The addition of these chemoattractants
increase the migration of MCF7 cells, regardless of treatment with either pharmacological
reagent (Figures 15, 23). Interestingly, in these cells there is reorganization of the Golgi and
microtubules with EGF treatment, after disruption with BFA (Figure 18). However, because
there is no significant change in motility correlated with either microtubule disruption or
reorganization, there is no evidence in the current study that microtubules contribute to the
directed migration of MCF7 cells.

The efficacy of MDA-MB-231 migratory behavior rescue with chemoattractants differs
from the MCF7 cell type. The addition of EGF to MDA-MB-231 cells rescues their migration,
while also returning organization to the Golgi and microtubules, after treatment with BFA
(Figures 19, 22). This rescue is prevented in cells treated with nocodazole (Figures 27, 30). This
suggests that Golgi-nucleated microtubules are involved in the directed migration of MDA-MB-

231 cells. However, the inability to rescue migration and organization of the Golgi and



91

microtubules after nocodazole treatment, combined with an even greater decrease in motility
compared to BFA treatment, suggests that the mechanism for directed cell migration in MDA-
MB-231 cells likely involves microtubules throughout the cell, not solely those nucleated at the

Golgi.
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Conclusions

A number of studies have implicated microtubules in the motility of cells (Goslin et al.,
1989; Liao et al., 1995; Eddy et al., 2002; Schmoranzer et al., 2003). The results of this study
present evidence supporting the hypothesis that a specific subset consisting of Golgi-nucleated
microtubules contribute to the directed migration of an aggressive breast cancer cell type.
Evidence for this phenomenon exists in other cell types, including other cancer cells (Bershadsky
and Futerman, 1994; di Campli et al., 1998). However, this mechanism is not shared by all breast
cancer types, as the MCF7 cell migration was unaffected by the loss of organization of these
microtubules with BFA treatment. Further, this subset of microtubules is not entirely responsible
for directed cell migration in MDA-MB-231 cells, as complete microtubule disassembly
decreased migration to an even further extent.

These microtubules may be responsible for the delivery of EGF receptors to the leading
edge of the breast cancer cell. Broad disassembly of microtubules has been implicated in the loss
of EGF-mediated epithelial migration, as well as polarized trafficking (Eilers et al., 1989;
Breitfeld et al., 1990; Nakamura et al., 1991). However, published results show that Golgi-
nucleated microtubules are involved in the delivery of the EGF receptor in other cell types,
including cancerous cell lines (Gamou and Shimizu, 1988; Gamou et al., 1988; Wang et al.,
2010). In our study, supplementation of the cells with EGF rescues the cells from the decreased
migration and, to some extent, morphological changes induced by the disruption of Golgi-
nucleated microtubules. Another group has noted the rescue of Golgi organization with EGF
supplementation (di Campli et al., 1999). It is possible that saturating the cells with EGF utilizes
the remaining receptors available to the cell, while disruption of these microtubules prevents the

expression of additional EGF receptors at the membrane, as BFA treatment is associated with
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retrograde trafficking back to the ER (Lippincott-Schwartz et al., 1990). However, this is also
specific to the more aggressive breast cancer cell type, suggesting a difference in the
mechanisms involved in EGF receptor transport between the cell types.

It is difficult, with the current results, to determine the molecular mechanisms involved in
motility that the Golgi-nucleated microtubules modulate, or for which mechanisms that they may
also be utilized in combination with microtubules cell-wide. Microtubules throughout the cell are
utilized in the transport of many proteins in a number of cell types, however the transport of EGF
receptors has the strongest support in this model (Ojakian and Schwimmer, 1992; Lafont et al.,
1994). If this hypothesis is correct, then it is probable that the EGF receptors transported along
Golgi-nucleated microtubules to the leading edge are responsible for the activation of FAKs and
other molecules involved in interaction of the cell with its surrounding extracellular matrix.
Staining for the EGF receptor and FAK in each condition, for each cell type, would provide
much greater insight into the actual mechanism through which the Golgi-nucleated microtubules
function. Also, models utilizing genetic control over the expression of the many proteins
involved in the nucleation of microtubules would be an invaluable tool for studying this process
(Stehbens et al., 2014).

Because there is interplay between the different elements of the cytoskeleton and
published data implicates EGF in actin organization, it is likely that actin structures are also
impacted by these treatments, however these structures were not considered in the current study
(Chan et al. 1998). It is important to determine if the results of this study are due solely to
modulation of the Golgi and its associated microtubules, or if this is an artifact of changes in
other elements of the cytoskeleton. Staining for actin and utilizing compounds which modulate

its dynamics would provide evidence to address this concern.
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The definitive way to determine that this subset of microtubules provides an important
role in cellular migration in highly aggressive breast cancer cells would be to observe and
characterize the physical interaction between the components of the Golgi and the microtubule,
such as the aforementioned y-tubulin and AKAP450, during treatment of the cells with
compounds which alter directed migration. A study utilizing immunoprecipitation is described in
Appendix A for interested readers. However, due to the constraints of this thesis project, a

properly working method has yet to be established.
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APPENDIX A: Co-immunoprecipitation Study
Introduction

As described briefly earlier, recent work has suggested that a specific subset of
microtubules originate from the Golgi apparatus. One purpose for these microtubules is to
stabilize the Golgi structure and orient it near the ER. Another role for these microtubules is in
directed cell migration because they have the ability to polarize, as discussed earlier in the thesis.
Both signaling molecules and proteins required for cellular interaction with the extra cellular
matrix at the leading edge are transported along these microtubules.

The main model for Golgi nucleated microtubule work is the human retinal epithelium
cell line. The role of these microtubules in breast cancer cell lines remains relatively unexplored.
Earlier work from our lab by Laura Zahn sought to determine if microtubule nucleation at the
Golgi occurred at different rates in cells with different migratory behaviors. The MCF7 and
MDA-MB-231 cell lines were chosen for this work. Historical evidence, as well as more recent
work from our lab by Clare Grady and work done in this thesis, support that MDA-MB-231 cells
are more invasive than MCF7 cells. The difference in these migratory behaviors is associated
with a variation in cellular morphology. MDA-MB-231 cells are mesenchymal, with higher o-
tubulin expression than the epithelial MCF7 cells.

Laura Zahn’s work supported the hypothesis that more microtubule nucleation was
associated with the more migratory, MDA-MB-231 cell line. Also, cells stimulated with
epidermal growth factor were associated with increased microtubule nucleation at the Golgi, as
compared to non-stimulated cells. An important component of the molecular mechanism of
microtubule nucleation at the Golgi is the recruitment of the y-tubulin ring complex, a

microtubule template structure, and associated anchoring proteins. One of these anchoring
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proteins is AKAP450, which interacts with GM 130, a Golgi peripheral protein. AKAP450 acts
as an anchor, hypothesized to bind with the y-tubulin subunit of the y-tubulin ring complex, as
well as other y-tubulin ring complex binding proteins, CDK5RAP2 and myomegalin. Recent
results from work done in the Akhmanova lab suggest that AKAP450 is vital for cell
invasiveness. AKAP450 knock down retinal epithelium cells experienced greatly diminished

migratory behavior, as compared to those cells with functioning AKAP450 protein.
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Hypothesis

Evidence supports the necessity of AKAP450 for microtubule nucleation at the Golgi, as
discussed in the last subsection. There is also evidence that this protein is also required for
migration in at least one cell line. Because of the hypothesized importance of this protein in each
of these activities, it is an interesting candidate for study.

The goal of this study was to test the hypothesis for which support was observed in
earlier work from our lab. The intimate nature of AKAP450 with microtubules make it a
potentially useful immune-marker for Golgi nucleated microtubules. The general hypothesis of
this study was the same, Golgi nucleated microtubules appear at a higher concentration in a more
migratory cell. However, immunoprecipitation was the method chosen for the study. To identify
Golgi nucleated microtubules specifically, AKAP450 would be immunoprecipitated from the
cells of interest. Those proteins involved at the Golgi would likely physically interact with
GM130. Co-immunoprecipitation using GM130 would be used to separate Golgi-located
AKAP450s from others. These proteins would serve as a molecular proxy for Golgi nucleated
microtubules. The major prediction for this study was that more invasive cell lines, or those
supplemented with growth factors, such as epidermal growth factor, would have increased
microtubule nucleation at the Golgi. In this study, these would be represented by AKAP450

bound to GM 130, which could be quantified using a protein assay.
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Materials and Methods
Cell Culture

Cell culture conditions for this study were the same as those from the thesis. EGF

treatment concentration of epidermal growth factor also matched the thesis work, at 10 ng/mL.

Cell Lysis

Cells were lysed to access the proteins of interest, located near the membrane of the
Golgi. Cell pellets were suspended in PBS to wash any trypsin or media from the cells. Cells
were centrifuged again at 1000 x g for 5 minutes, to form a cell pellet. After draining the PBS,
ice-cold, non-denaturing lysis buffer (IP lysis/wash buffer: 25mM tris, 150 mM NaCl, ImM
EDTA, 1% NP-40, 5% glycerol, pH 7.4; ThermoFisher Scientific, catalog #88805) was added to
the conical (300 uL/ 5x10° cells). A protease and phosphatase inhibitor cocktail was added to the
lysis buffer to prevent proteolytic activity during lysis (Halt protease and phosphatase inhibitor
cocktail: ImM HCI 4-(2-Aminoethyl)-benzenesulfonyl fluoride (AEBSF), 800 nM aprotinin, 50
UM bestatin, 15 uM E64, 20 uM leupeptin, 10 pM pepstatin A; ThermoFisher Scientific, catalog
#78440). After the cell pellet was suspended in the lysis buffer, the solution was transferred to a
1.5 mL microcentrifuge tube and incubated for 5 minutes with periodic mixing. After incubation,
aliquots were taken for protein quantification and total cell lysate examination. The remaining
contents were centrifuged at 13,000 x g to separate the cellular debris from the soluble fraction.
Lowry Assay

After lysis, protein concentration determinations had to be quantified using the Lowry
assay. A standard curve was created by reading the A7so of diluted BSA standards at
concentrations of 0, 20, 40, 60, 80 and 100 ug/mL in triplicate. The solutions were made at a

volume of 250 pL, with 750 puL of Lowry solution added to each and incubated for 10 minutes at
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room temperature. The Lowry solution consisted of three solutions at a ratio of 100:1:1: A
(NaOH and Na,CO3), B (CuSOs4+ 5H>0) and C (sodium tartrate * 2H>O). Finally, 75 pL of
yellow folin solution (1:1 yellow folin: ultrapure water) was added to the sample/ Lowry solution
and incubated for 45 minutes at room temperature. The mean absorbance value of the 0 pg/mL
(solely comprised of cell lysis buffer) was subtracted from each of these, to account for any
effect the cell lysis buffer diluent had on absorbance. The mean absorbance value for each
concentration was plotted against the concentration of each diluted standard. The resulting linear
equation for the standard curve was recorded. The spectrophotometer was blanked with H>O for
standard curve determination.

To determine the protein concentration of lysates, SuL of sample was diluted in 245 pL
of ultrapure water. The samples were quantified at a stock, 1:10 and 1:20 concentration. 750 pL
of Lowry solution was added to each lysate sample and incubated for 10 minutes at room
temperature. After this incubation period, 75 puL of yellow folin solution was added to each
sample/Lowry solution and incubated at room temperature for 45 minutes. The
spectrophotometer was blanked with cell lysis buffer. All calculated concentrations were

multiplied by 4 to give concentrations per milliliter.
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Immunoprecipitation

Cell lysate fractions were immunoprecipitated to purify the proteins of interest. Before
immunoprecipitation was performed, the 1° antibody against the protein of interest was
crosslinked to protein G bound to magnetic beads (Pierce protein A/G magnetic beads;
ThermoFisher Scientific, catalog #88805). To bind the antibody to the beads, 25 pL of magnetic
beads were washed with 500 pL of 1X modified coupling buffer (Coupling Buffer: 150mM
NaCl, pH 7.2; ThermoFisher Scientific, catalog #88805), then incubated for 15 minutes at room
temperature with a 100 pL, 5 ug 1° antibody solution consisting of coupling buffer and IP
lysis/wash buffer. The bead solution was gently vortexed every 5 minutes to keep the beads in
suspension. The beads were then washed twice with 100 pL of coupling buffer to remove
unbound antibody. Finally, bound antibodies were covalently cross-linked to the protein G of
the magnetic beads through the use of disuccinimidyl suberate (DSS; ThermoFisher Scientific,
catalog #88805) as follows: The DSS was mixed with dimethyl sulfoxide (DMSO), Coupling
Buffer, and ultrapure water to a working concentration of 20 uM. This solution was added at a
10X concentration to the magnetic beads and incubated for 30 minutes at room temperature.
After incubation and removal of the DSS solution, elution buffer (elution buffer: glycine, pH 2;
ThermoFisher Scientific, catalog #88805) was added to the beads for 5 minutes at room
temperature and mixed on a rotating platform to remove non-crosslinked antibody and quench
the reaction. Then, the beads were washed with 100 pL of elution buffer. Finally, the beads were
rinsed twice in 200 puL of ice-cold IP lysis/ wash buffer.

To complete the immunoprecipitation, 500 pL lysate fraction was added to the
microcentrifuge tube containing the crosslinked magnetic beads and mixed for 1 hour at room
temperature. Following incubation, beads were pulled down with a hand-held magnet and

supernatants containing any unbound antigen were saved for later analysis. The beads were then
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washed with 500 pL of IP lysis/wash buffer, followed by 500 pL of ultrapure water. To purify
the proteins of interest from the antibodies, the bead solution was incubated with 100 pl elution
buffer for 5 minutes at room temperature on a rotator. The newly isolated antigen and
accompanying proteins of interest were neutralized with 10 pL neutralization buffer
(neutralization buffer; ThermoFisher Scientific, catalog #88805). These samples were then
separated by SDS-PAGE (sodium dodecylsulfate-polyacrilamide gel electrophoresis) for
Western blots.
Dot Blot

Dot blots are used to identify successful antigen-antibody interaction, as well as to
determine the most efficient concentration of antibody for antigen detection. Two (2) uL of cell
lysate (1pg of total protein) was pipetted onto a nitrocellulose membrane and allowed to dry for
30 minutes at room temperature. Non-specific sites on the membrane were blocked by incubation
in 10 mL blocking solution (5% dried milk, in tris-buffered saline with 0.1% Tween-20, TBS-T).
After this incubation period, membranes were rinsed with TBS-T for 15 minutes, then incubated
overnight at 4 °C with 5 ug of 1° antibody diluted in 10 mL of blocking buffer (1% BSA diluted
in TBS-T) or with 5 ug non-immune serum. Following 1° antibody incubation, the membrane
was rinsed again for 15 minutes using TBS-T and then incubated in 0.5 pg of 2° antibody, raised
against the 1° antibody, conjugated with horse-radish peroxidase (HRP), and diluted in 10 mL of
blocking buffer, for 1 hour at room temperature. Following this incubation, the membrane was
rinsed with TBS-T for 10 minutes and then tris-buffered saline (TBS) for 5 minutes. After
rinsing, the membrane was incubated with a 10 mL 3,3'-diaminobenzidine tetrahydrochloride
solution (10% DAB and 90% hydrogen peroxide) for approximately 30 minutes at room

temperature, providing a colorimetric change as the substrate precipitated the HRP bound to the
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antibody complex of the protein of interest. This change accompanies successful identification of
the protein of interest or those which co-localize with it.

To create an antibody titer to determine efficient antibody concentrations required for
antigen/1° antibody binding, a dot blot utilizing serial dilutions of 1° and 2° antibody
concentration, in blocking buffer, is performed. Those dots with a more drastic colorimetric
change are indicative of more efficient binding.

SDS-PAGE

The SDS-PAGE technique is an effective way to separate proteins through a
polyacrylamide gel based on size. Proteins were separated using a Bio-Rad Mini-PROTEAN
Tetra Cell system. The polyacrylamide gel was made of a 4% stacking gel and a 10% separating
gel. The separating layer was comprised of 47.8% H>0O, 10% acrylamide stock, 25% tris base
(1.5mM, pH 8.8), 0.1% SDS, 0.1% APS and 0.2% TEMED. The stacking gel was comprised of
72.8% H»0, 5% acrylamide stock, 12.5% tris base (0.5M, pH6.8), 25 uL 10% SDS, 25 uL 10%
APS and 5 pL TEMED. Reagents were combined and the separating gel solution pipetted into
the casting frame. Butanol was dropped across the top of the solution to ensure even dispersal.
The solution polymerized for approximately 30 minutes and rinsed with H>O to remove any
residual butanol. The stacking gel solution was then pipetted evenly across the top of the
polymerized separating gel. After the casting frame was filled, a comb was added to create the
necessary wells.

A Laemmli buffer (1.15 mL glycerol, 100 pL. 2-mercaptoethanol, 0.2 g 10% SDS, 0.001
g bromophenol blue, 1.25 mL 4x stacking gel solution) was required for the proteins to denature
and traverse the gel based solely on size. Laemmli buffer was mixed at a 1:1 ratio with sample,

and the resultant solution was boiled at 95°C for 5 minutes.
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The running chamber was filled with 1x SDS-PAGE running buffer (3.025 g tris-base,
14.4 g glycine, 1 g SDS, diluted to 1 L with H,O). Twenty (20) uL of 1:1 sample/ Laemmli
buffer was loaded into wells, with Laemmli buffer loaded into any wells not containing sample
to ensure even travel of the dye front. A reference ladder (iBright prestained protein ladder;
ThermoFisher Scientific, catalog #LC5615) was loaded into the far-left lane in each gel.
Electrophoresis was performed at 70 volts for 30 minutes while the samples migrated through the
stacking gel. Once all samples were even within the stacking the gel, the voltage was increased
to 130. Samples migrated through the gel until the dye front ran off of the gel.
Coomassie Staining

Once proteins have migrated throughout the gel, a staining dye can be used to visualize
the separated proteins as bands located throughout the gel. Once samples had migrated through
the gel, the gels were rinsed with H>O and incubated in Coomassie brilliant blue staining solution
(0.25 g Coomassie brilliant blue R-250, 90% 1:1 methanol:H>O, 10% glacial acetic acid) for 30
minutes at room temperature. Following staining, the gels were rinsed with water and incubated
in destaining solution (40% methanol, 10% acetic acid, 50% H>O) for 10 minutes. The staining
solution was then drained, and fresh destaining solution was added. Gels were incubated for 30
more minutes in the fresh destaining solution. Finally, the gels were left in H2O until complete
destaining occurred.
Western Blot

The Western blot is a commonly used technique that allows for the biochemical
identification of separated proteins. This is accomplished through the electrophoretic transfer of
the separated proteins in the SDS-PAGE acrylamide gel to a nitrocellulose membrane and

subsequent immuno-reaction. This technique is useful to confirm successful
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immunoprecipitation, as well as confirm co-immunoprecipitation of other proteins with a sample
that has been purified through immunoprecipitation.

Unlike the process used to stain and identify the protein bands present on the gels
immediately after SDS-PAGE, the gels were instead equilibrated in transfer buffer (25mM tris,
pH 8.3, 192 mM glycine and 20% methanol) after migration, until the Mini Trans-Blot
Electrophoretic Transfer Cell system was assembled. To prepare the system, a sandwich
consisting of a transfer cassette, fiber pad, filter paper, nitrocellulose membrane, previously run
gel, second filter paper and second fiber pad were assembled. This completed sandwich was
placed into a cassette holder and lowered into the transfer chamber. An ice pack, magnetic spin
bar and transfer buffer were added to the chamber. Electrophoretic transfer was performed at
100V for 60 minutes, until transfer to the membrane was complete.

After the transfer, a number of proteins were located on the membrane, including those
proteins of interest. To successfully identify the presence of these proteins, a colorimetric,
immunoprecipitation reaction was performed. After the transfer period, the membrane was
removed from the cassette and incubated in blocking solution at room temperature for 30
minutes to prevent non-specific binding of the 1° antibody to any part of the membrane that did
not have bound protein. After blocking, the membrane was rinsed with TBS-T for 15 minutes
and then incubated overnight at 4 °C with 5 pg of 1° antibody, raised against the protein of
interest or those hypothesized to co-localize with the protein of interest, diluted in 10 mL of
blocking buffer. Following the first antibody incubation period, the membrane was rinsed again
with TBS-T for 15 minutes and incubated for one hour at room temperature with 1 pg of 2°
antibody, raised against the 1° antibody, diluted in 10 mL of blocking buffer. Finally, the

membrane was rinsed with TBS-T for 10 minutes, followed by a rinse with TBS for 5 more
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minutes. After the remaining rinses, the membrane was incubated with DAB substrate for

approximately 30 minutes at room temperature while the colorimetric reaction developed.
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Results
Results were inconsistent throughout this study. Early results suggested successful
activity of the antibodies used in this study, especially using dot blots. However, this may have
been due to improper blocking or rinsing, allowing extra primary antibody to remain behind to
non-specifically interact with the secondary antibody. Lysing of the cells did provide access to
the inside of the cell, as evident by SDS-PAGE results. However, no successful
immunoprecipitation has been performed to separate the proteins of interest from all other

cellular debris.
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Discussion
A member of the Kaverina lab provided some advice, explaining that these proteins in
particular are largely inaccessible to exogenous proteins unless antibodies are made specifically
with a truncated region of interest. Finding evidence of increased AKAP450 and GM130
interaction in the MDA-MB-231 cell line or in EGF treated cells would support the current
hypothesis, using biochemical evidence to implicate Golgi nucleated microtubules in directed
cell migration. This interaction is hypothesized to be crucial for microtubule nucleation at the

Golgi. Currently, troubleshooting is required to advance the project further in the future.





