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While modern cancer diagnostics and treatments are often interpreted through
a biomolecular perspective, cancer abounds with many mechanically interesting
characteristics and questions. Metastasis, the process by which a primary tumor
spreads and forms a second tumor in a distant site is currently responsible for 90%
of cancer fatalities [1-3]. One of the key limiting steps in metastasis is extravasa-
tion; the process by which a circulating tumor cell (CTC) moves from the blood-
stream into surrounding tissue. So far, most in wvitro studies in metastasis focus
on cell migration and invasiveness with few focused on reattachment of cells to a
blood vessel wall, and extravasation. One possible attachment mechanism involves
tubulin-based structures called microtentacles, which have been observed to poke
into crevices between cells that line blood vessels. Based on biomolecular assays,
the current hypothesis is that microtentacles are formed as the result of unbalanced,
mechanical interactions between microtubules and actin, allowing microtubules to

push the plasma membrane beyond the cell body. The focus of my thesis is to gain



insights into the dynamics and mechanical properties of microtentacles and evaluate
how microtentacles may be altered by cytoskeletal drugs.

In this thesis, I will measure changes in microtubule dynamics using cytoskele-
tal drugs to the actomyosin cortex and microtubules. The first study presented
examines how drug treatments targeting the actomyosin cortex impact microtubule
dynamics for attached cells. The results of the first study demonstrate that weaken-
ing the actomyosin cortex allows microtubule end-binding-protein-1 (EB1) to move
beyond the cell body boundary. Weakening the actomyosin cortex also results in
changes to the speed and straightness of microtubule growth. In the second study, an
image analysis framework is presented to quantify microtentacles as well as an eval-
uation of the dynamics of microtubules in suspended cells. The study demonstrates
a successful image analysis technique that can evaluate microtentacle phenotype for
both free-floating and tethered cells as well as dynamics for tethered cells. This
second study shows that while microtubule stabilizing drug treatment with Taxol
increases total microtentacle phenotype, it also reduces microtentacle dynamics. On
the other hand, while microtubule destabilizing drug treatment Colchicine decreases
total microtentacle phenotype, Colchicine also reduces microtentacle dynamics. As
a summary and outlook, I present a mechanical framework and present hypotheses
for 4 different genetic modifications spanning a spectrum of different cytoskeletal
states. 1 also show preliminary, qualitative results for 3 out of the 4 different cell
lines. Critical to evaluating microtentacles within this physical framework is a direct
mechanical assay; here, I show preliminary work taken at the University of Leipzig

on an optical stretcher.



Given that microtentacles have demonstrated to be a sufficient prerequisite for
reattachment, better understanding of what circumstances lead to microtentacles is
a critical basic research question. My work applies a physical perspective to the bal-
ance between the actomyosin cortex and microtubules and demonstrates changes in
microtubule dynamics. Such work contributes towards the possibility of identifying

morphological and dynamics signatures of CTCs with higher metastatic potential.
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Preface

Nature uses only the longest threads to weave her patterns, so that
each small piece of her fabric reveals the organization of the entire

tapestry. -Richard Feynman

Simplicity is the ultimate sophistication -Leonardo DiVinci
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Chapter 1: INTRODUCTION

1.1 Cancer and Physics: a Historical Perspective

Humanity has known about cancer for thousands of years. The first docu-
mentation of cancer is found in the Edwin Smith Papyrus dating back to 3,000 BC
and describes breast cancer [4]. The word ‘cancer’ itself dates back to the ancient
Greeks’ father of medicine Hippocrates due to the way cancer moves about and has
crab-like projections [4,5] (See Figure 1.1A). Since antiquity overall knowledge of
cancer has sophisticated greatly from a large macroscopic tissue perspective down
to the biomolecular level of signaling pathways. No timeframe has seen as extensive
changes and strides in the epistemology of cancer as the last 150 years. Only in the
this late modern period of the 1940s did cancer treatments begin to have less sur-
gical approaches and usher in radically new advances such as chemotherapy, novel
imaging techniques, and anticancer drugs [6].

As far back as antiquity and continuing into the more contemporary age of
research, cancer has been noted for its physical properties. In fact, it has been ar-
gued that the first involvement of physics in cancer also dates back to the ancient
Edwin Smith Papyrus papers which describe a cauterization technique using a fire

drill [7]. Cancer is universally recognized by patients to have mechanically stiff and



lump-like properties. The term ‘biophysics’, however, was not coined until Karl
Pearson’s publication of “Grammar of Science” book in 1892 [8]. Ounly 5 years later
in 1897, Emil Grubbe treated breast cancer with radiation for the first time |9, 10].
Eventually, many of those developments in radiation research formed the founda-
tions of what is now called medical physics and is usually applied to fields such as
radiation oncology, nuclear medicine, and radiology [11]. The field of ‘biophysics’
has grown to encompass a much broader scope of applications including migration,
environmental sensing, mechanosensing, gene regulatory networks, protein interac-
tions, electrophysiology, membrane channels, dynamics of self-assembly, soft matter,
molecular machines, etc.

Today, cancer continues to pose many interesting questions for physicists. Pos-
sibly no cancer process is richer in biomechanically interesting problems than the
metastatic cascade. Currently, most metastatic studies examine causal relations
between metastasis and biomolecular dominant mechanisms such as cell signal-
ing pathways, growth hormones, and genetics [12,13]. Research in this inherently
motile phenomenon paints a picture of a plethora of mechanically driven systems
including motility, cell material properties (i.e. viscoelasticity), attachment, and
mechanosensing. Clinically, changes in mechanical properties in situ are associated
with higher metastatic risk; for example, increased collagen stiffness in human lu-
minal breast tumor tissue is correlated with a poor prognosis for survival [14]. Cells
with higher metastatic potential exhibit changes in mechanical phenotype both in
terms of mechanosensitivity [15] and material properties [16]. Perhaps cancer re-

search has spiraled full circle since antiquity, from tissue down to the cellular level,



as contemporary cancer research has recently discovered morphologically fingerlike
structures on the cellular level sufficient for cancer reattachment in breast cancer
cell lines called microtentacles (See Figure 1.1B). Microtentacles are hypothesized
to form as the result of unbalanced forces between microtubules and actin result-
ing in the extension of the plasma membrane beyond the actin cortex. A pubmed
search for cancer and cytoskeleton yields 16,037 publications; most of these studies
focus on migration though. A search for circulating tumor cells and cytoskeleton, on
the other hand, yields only 20 results, 10 of which examine microtentacles. Given
that microtentacles dominate the cytoskeletal literature for CTCs, and understand-
ing the mechanics of CTCs is arguably as important as understanding migration
in cancer research, I propose that understanding the dynamics and mechanics of
microtentacles is a critical biophysical question.

In today’s world of modern technology, the tools to probe cancer have grown
far beyond ancient fire drills and gross anatomy. With the advances of transfection
and fluorescent techniques, virtually any protein can be visualized; this, alongside
strides in microscopy that allow high-speed imaging at super-resolutions and com-
prehensive computational power for analysis, open up new scientific opportunities
never before explored. The goal of my thesis is better understand the mechanical
interplay between the actomyosin cortex and microtubules, and how these interac-
tions contribute to Microtentacle formation. I hypothesize that using drugs to alter
the actomyosin cortex or microtubule stability will result in differences in the pro-
trusiveness and dynamics of microtubule growth in both attached and suspended

cells.



Figure 1.1: Cancer at Tissue and Cellular level. A. Tissue level illustration of Crab shaped
tumor shows finger-like protrusions Permission granted from Journal of Pioneering Medical Sci-
ences Blogs, 2014 |17]. B. Cellular level suspended Tumor cells show long spindly protrusions
called microtentacles. Early cellmask image taken by Eric Balzer.



1.2 Metastasis Causes Cancer Mortality

Cancer continues to be an epidemiologically significant disease responsible for
killing approximately 590,000 people every year [18]. Also, there are currently an
estimated 20 million people in the US who have been diagnosed with cancer [19].
This high number makes cancer the 2nd leading cause of death in the United States
[18]. Within that cancer mortality figure, metastasis is currently responsible for
90% of all those cancer fatalities [1-3]. Despite the fact that metastasis is the major
mechanism of death for the overwhelming majority of cancer, only 5% of cancer
research funding goes towards studies specifically investigating metastasis for both
basic and clinical research [20)].

The metastatic cascade begins with a primary tumor in the host site where
tumor cells are pathological cells of the host tissue (See Figure 1.2). Next, tumor
cells begin to push out of the primary tumor and migrate, a process known as in-
vasion. Following, cells squeeze out of the primary tissue and into the blood stream
or lymphatic system in a process called intravasation. Once cells are circulating in
the bloodstream, they are known as circulating tumor cells or CTCs. Reattachment
happens when CTCs embed themselves on the endothelial cells. Finally, the patho-
logical cells will undergo extravasation or exiting the bloodstream and invading into
a distant tissue site. Omnce out of the bloodstream, the cancer cells colonize the
second organ forming a secondary or metastatic tumor.

While primary and secondary tumors tend to have similar genetic profiles,

there are often distinct differences in the genetic signatures and more mutations



in the primary than secondary tumors [21-23|. Predictably, secondary sites often
respond differently to drug therapies than the primary site behaves; the result is a
dearth in the efficacy of metastatic treatments [24]. In order for cancer therapies
to be more effective in preventing metastasis, more research studies that focus on
mechanisms specific to metastasis need to be conducted.

It is worth noting that the vast majority of cancers, in fact 90%, are carci-
noma types or comprised of epithelial cells; this is probably due to the fact that
epithelial cells frequently divide [25]. Interestingly, most epithelial cells die in the
bloodstream by a process called anoikis; anoikis is a form of cell suicide triggered
by loss of attachment to the extracellular matrix (ECM). Cells that don’t die by
anoikis are often ripped apart by the high magnitude of shear forces especially in
the small capillary tubes [26]. Overall, only an estimated .01% of CTCs are thought
to survive the bloodstream [27]. Even within research on the metastatic cascade
though, most studies focus on invasion and migration rather than the behavior of
CTCs or reattachment. With so many natural obstacles between when a cancer cell
enters the bloodstream until when it extravasates, this phase would seem a critical
rate-limiting stage within the metastatic cascade and an ideal place to target with

interventive therapies.



Intravasation -

Primary Tumor

Extravasation N &

Micrometastasis

Figure 1.2: Metastatic cascade. Cancer begins as a primary tumor. Next, tumor cells begin
to push out of the primary tumor and migrate, a process known as Invasion. Following,
cells squeeze out of the primary tissue and into the blood stream or lymphatic system in a
process called Intravasation. Once cells are circulating in the bloodstream, they are known
as circulating tumor cells or a CTC. Most CTCs undergo Cell Death due to being ripped
apart from fluidic shear forces or an epithelial apoptotic process called anoikis. Reattachment
happens when CTCs embed themselves on the endothelial cells. Afterwards, the pathological
cells will undergo extravasation or exiting the bloodstream and invading into a distant site in a
process called MET/Colonization. Once out of the bloodstream, the cancer cells colonize the
second organ forming a Micrometastasis or secondary tumor.



1.3 Tumor Cell Circulation and Reattachment During Metas-

tasis

Currently, two of the most poorly understood steps in the metastatic cascade
are reattachment and extravasation, and there exist very few therapeutics target-
ing these steps. The extravasation cascade as a whole, can be broken down into 3
steps: loose attachment, tight attachment, and squeezing between the very tightly
connected epithelial cells lining the blood vessels called endothelial cells [28]|. Thus,
for the purposes of this section, reattachment will be treated as a sub-step of ex-
travasation. For cancer specific extravasation, not a lot of basic research has honed
in on the exact mechanism by which a CTC manages to reattach itself to the blood
vessel walls, break through, and wedge itself in between those tightly connected
endothelial cells. Here, I review and summarize some of the existing research and
theories positing how CTCs manage to reattach and exit the blood stream as well

as why the discovery of microtentacles is significant.

1.3.1  Leukocyte extravasation

Perhaps one of the most studied forms of extravasation is the extravasation
of non-pathological leukocytes or white blood cells. Much of cancer extravasation
research studies leukocyte extravasation in the hopes of finding similarities between

the leukocyte extravasation and CTC extravasation. In healthy individuals, leuko-



cytes are responsible for dealing with inflammation and infections; to accomplish
this task, leukocytes travel through the bloodstream and must extravasate through
the endothelial cells to the site of injury or infection [28]. Leukocytes initiate contact
with endothelial cell adhesion molecules called selectins to form a transient connec-
tion with the endothelial cells [28]. Because this adhesion is weak, the bloodstream
continues to push and ultimately causes the leukocyte to ‘roll’. It is proposed that
this rolling behavior may be how CTCs also reattach [29]. It is also possible that
leukocytes act directly in cancer extravasation by forming a linker between tumor
cells and endothelial cells as shown in a study with neutrophil granuloctyes between
MDA-MB-468 and pulmonary epithelial cells [30]. More direct evidence of CTC
rolling behavior is demonstrated in one study by flowing MCF-7s across surfaces
functionalized with E-selectin [31]. Unlike leukocytes where L-selectin is established
as responsible for binding to the endothelial cells’ E-selectins, on the MCF-7 cells,
CD24 was implicated as the ligand responsible for rolling [31]. However, there
maybe be a considerable gap between E-selectin coated surfaces versus endothelial
E-selectin expression. Clinically, tumors with high levels of activated leukocytes are
associated with a more aggressive disease [27|. Furthermore, a rolling mechanism of

CTCs has not been observed in in vivo studies [26].

1.3.2 Platelet and CTC interactions

Interactions between platelet and CTCs interactions are also thought to play

a critical role in extravasation. It has been demonstrated that activation of platelets



increases metastatic potential [26,32]. Platelets may play a role helping CTCs sur-
vive the bloodstream by attaching and preventing cell death mediated by natural
killer cell lymphocytes [27,33|. There is also evidence that platelets protect CTCs
from shear forces directly [33]. Additionally, platelets may be involved in leukocyte
assisted reattachment. Evidence suggests that in places where there are high shear
forces that would make a rolling mechanism unlikely, platelets are involved in assist-
ing leukocytes [28]. In addition to helping CTCs survive the blood stream, studies
show that platelets can activate EMT pathways in circulating tumor cells [23|. Fur-
thermore, genetically modifying the platelet pathway or depleting platelets reduces
metastasis 23,26, 33|. Clinically, an increase in platelet count is associated with
poor patient prognosis [23]. Also, for melanoma cancer, platelet behavior increases

metastasis in the lung [33].

1.3.3  Vascular permeability

Another important factor that may contribute to CTCs’ ability to exit the
bloodstream is vascular permeability. Endothelial cells use connections called Tight
junctions and Adherens junctions to control paracellular transport [34]. Indeed, the
endothelial junctions are so tight that it prevents transit of macromolecules larger
than 3 nm [34]. It has been shown that damaging the endothelial cells in mice can
increase metastasis [34]. Furthermore, studies show examples of cancer cells with
higher metastatic potential excreting factors known to disrupt endothelial cell-to-cell

junctions [23,34]. On the other hand, only 20% of leukocytes use transcellular mi-

10



gration. Also it is unclear that an increase in vascular permeability is even necessary

for leukocytes to migrate through endothelial cells. [34].

1.3.4  Capillary Entrapment

Perhaps the simplest mechanism of reattachment proposed in the literature,
suggests that CTCs simply get trapped in narrow capillary tubes before extravasat-
ing [29]. This mechanism makes sense for places with narrow capillary tubes like
the lungs. Considering that lungs are the most frequent site of metastasis for breast

cancer [2,24], this is conceivably an important factor for some metastases but not

all.

1.3.5  Microtentacles

While the above research shows many potential signaling pathways, none of
this research suggests a particular cell morphology identifying which CTCs are most
likely to metastasize. Additionally, research shows that under the shear forces of the
bloodstream, integrin mediated binding of tumor cells with endothelial cell selectins
is insufficient and suggests that the actomysin cortex or microtubule involvement
may be necessary [35|. It has been demonstrated that more malignant cancer cells
are more resistant to fluid shear forces [36]. More recently, morphological protrusions
called microtentacles (McTNs) have been discovered. Previous studies demonstrate
McTN protrusions poking in between endothelial cells indicating that a McTN-

mediated reattachment would most likely would assist CTCs between a loose and

11



tight attachment phases [37,38].

1.4 Microtentacles Promote Tumor Cell Reattachment

One particularly interesting mechanism on how circulating tumor cells reattach
posits that tubulin-based structures called microtentacles or McTNs increase the
retention of circulating tumor cells in the capillaries of distant tissues (Figure 1.3).
Based on reviewing the McTN literature, the presence of McTNs appears to be a
sufficient condition for in witro attachment [38-46]. Evidence also supports that
McTN-positive cells attach to endothelial cells [37, 38| (See Figure 1.4). Injection
of cells with McTNs into mice show that they get trapped and retained in the
lungs [47].

Previous research has implicated detyrosinated a-tubulin for the unique McTN
structure [38,48]. Detyrosinated a-tubulin is also called glu-tubulin due to the loss
of the c-terminal tyrosine resulting in the exposure of the glutamic acid residue.
Immunofluorescence of suspended cells stained for a-tubulin demonstrate that the
protrusions are made up primarily of microtubules [41]. Furthermore, Electron
Microscopy results show McTNs comprised of several microtubules [49]. On a clinical
level this is relevant because an increase in the levels of glu-tubulin is an indicator of
poor prognosis [50]. Cell culture experiments demonstrate that glu-tubulin turnover
has a much longer persistence time on the scale of hours compared to a-tubulin which
only has a persistence on the scale of minutes [38,51]. Thus glu-tubulin is potentially

an important indicator of the possibility of McTN formation. Furthermore, it has
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been demonstrated that McTNs are not the result of actin-based invadapodia [47].

From a biochemical and signaling perspective, pathways that stabilize tubu-
lin also stabilize McTNs. For example, vimentin is an intermediate filament that
colocalizes and aligns along microtubules which may help stabilize the tubulin
struts. [42]. Removing or inhibiting vimentin reduced McTNs and reattachment [42].
In a less direct technique, entinostat (ENT), a histone deacetylase inhibitor demon-
strated vimentin disassembly, weakening microtubules and causing a decrease in
McTN phenotype [45]. On a clinical level, vimentin has been identified as a marker
for breast cancer cells more likely to metastasize [42]. Anti-inflammatory agents
Parthenolide and costunolide destabilize tubulin, decrease detyrosinated tubulin,
and reduce McTNs [40]. Lastly, kinesin motor proteins are thought to cross-link
vimentin and glu-tubulin; inhibiting kinesin motors with tetracaine also inhibited
McTN formation [44]. Basically, McTNs can be increased by stabilizing micro-
tubules and decreased by depolymerizing microtubules.

In addition to microtubule manipulations, it appears that McTN formation
can also be modulated by manipulating the actin cortex. Unlike actin-based in-
vadapodia, McTNs are predominantly composed of microtubules, and do not require
actin support. Studies that remove actin polymerization by using Latrunculin-A
still have McTNs, [42,44,52]. Inhibiting actin cortex contractility indirectly via
Rho-associated kinase (ROCK) inhibitor Y27632 increases McTNs, while using Rho
Activator II decreases McTNs by making the actin cortex more contractile [39]. An-
other study used genetic modifications of ¢-Src to make the actomyosin cortex more

contractile or by making c-Src less active and weakening the actomyosin cortex [47]
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The more contractile actomyosin cortex from overactive c-Src had less McTNs, and
weaker actomyosin cortex from inactive c-Src had more McTNs [47]. Additionally,
inhibiting AMP-activated protein kinase AMPK, activates actin severing protein
cofilin, weakening the actomyosin cortex causing an increase in McTNs and reat-
tachment [43]. Yet another example used shRNA to downregulate obscurins, de-
crease RhoA phosphorylation, ultimately decrease actomyosin contractility through
the myosin light chain causing an increase in McTNs [46].

Cells thought to have higher metastatic potential also have more McTNs. For
example, breast cancer cell lines scored positive for McTNs also positively correlated
with Cancer Stem Cell (CSC) markers [53]. Cells undergoing EMT have long been
of interest in metastatic research due to their association with invasion, and EMT
cells have a similar phenotype to CSCs [54]. Cells induced for EMT phenotype by
overexpressing transcripton factors twist and snail also increase McTNs [37]. Loss
of well-known tumor suppressor gene PTEN is also with associated high metastatic
potential and induces EMT [55-58|. Research shows that knocking down PTEN in

mammary epithelial cells induces McTNs [41].
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Figure 1.3: Initial cell attachment is dependent on McTN formation as affected by tau. (a)
Over 1 h, MCF7 cells stably overexpressing GFP-tau (MCF-7Ttaul and MCF-7tau2) attach
more efficiently (200 and 180%, respectively) compared with MCF-7 controls. Data (n=4)
represent the mean percentage of attachmentts.d. *P<0.01. (b) Over 1 h, siTaul and siTau2
attach less efficiently (67 and 46%, respectively) compared with ZR-75-1 controls. Data (n=3)
are represented as the mean percentage of attachment+s.d.*P<0.01. (c) Glowscale of luciferase-
expressing cells injected into the tail vein of nude mice show equal initial signal retention in
regions of interest (ROI) emcompassing the lungs. Over a period of 8 days post-injection, MCF-
Ttaul-luc cells are more retained than control MCF-7GFP-luc cells. (d). On average over all
injections, 61.8 and 44.4% of MCF-Ttaul-luc cells (n=6) were retained in lung capillaries 1
day and 8 days post-injection. In comparison, 15.9 and 12.9% of control MCF-7GFP-luc cells
(n=5) were retained at the same time points. This difference was significantly different for
both 1 day (*P<0.02) and 8 days (**P<0.05) post-injection by a non-parametric t-test. Figure
reproduced with permission from Nature Publishing Group [59].
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Figure 1.4: Microtentacles facilitate HMLE-endothelial attachment. Confocal imaging of GFP-
Membrane transfected HMLE cells suspended for 20 min over a confluent layer of mCherry-
labeled HBME. Top, angle, and side views of HMLE cells at the early stages of attachment
show HMLE-GFP vector control cells rounded without observable microtentacles. HMLE-
Twist displays a microtentacle anchoring to the top of the HBME (white arrow). HMLE-Snail
exhibits microtentacles extending under (white arrow) or bending toward (white arrowheads)
the HBME layer. Figure reproduced with permission from American Association for Cancer
Research [40)].
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1.5 Microtentacles from a Biophysical Perspective

McTNs are a particularly interesting phenomenon, not just for their potential
role in metastasis, but also as a physical phenomena that most likely stems from me-
chanical interactions within the cytoskeleton. Based on the biochemical alterations
outlined in previous studies reviewed above, it has been proposed that McTNs are
the result of unbalanced forces between the actin cortex and microtubules following
a tensegrity model [38]. The mechanical tensegrity model consists of stiff struts
that act as continuous compression members while cables connected to these struts
are in continuous tension and maintain the shape [60] (Figure 1.5A). Applied to a
biological cell, actin filaments act as the tension members, microtubules as com-
pression members, and apply these forces to anchor proteins (i.e. integrin) where
the cell adheres to the ECM [60] (Figure 1.5A). Thus, the tensegrity model is really
only applicable to attached cells and not fully applicable to CTCs. Furthermore,
the tensegrity model does not account for dynamically growing and shrinking mi-
crotubules, constantly changing actin cortex, nor the viscoelastic properties of the
cell [61]. Here, I discuss some the relevant cytoskeletal literature and present possi-
ble scenarios for how the tubulin and the actomyosin network interact mechanically.
I propose that ultimately, even though there are many possible scenarios, a simpli-
fied assumption that microtentacles form as the result of unbalanced forces remains

valid.
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Figure 1.5: Models for force-induced modulation of cytoskeletal stiffness. (A) Tensegrity model:
Top left- A simplified version with compression struts and tensed cables exemplifying that stress
levels regulate cytoskeletal rigidity. Top right- In the cellular context, microtubules (gold rod)
apply compression on cell-matrix adhesions (represented by actin linking modules in pink and
integrin dimers) while the actin filaments (red) experience the cellular tension and hence stiffen
accordingly. (B) Semiflexible chain model is represented by the flexible actin cables (red) that
locally rigidify at points of stress application i.e. myosin (blue bundle) contraction. (C) Dipole
polarization model: Formation of contractile actomyosin dipoles is symbolically represented
by the arrow pairs. According to this model, they freely orient in response to applied stress
as experienced at a particular point. Adapted from Stamenovic D. Ingber DE. Tensegrity-
guided self assembly: from molecules to living cells. Soft Matter 2009; 5:1137-45. [DOI:
10.1039/B903916N] and [20816234]. Used by permission from MBInfo: www.mechanobio.info;
Mechanobiology Institute, National University of Singapore. |62]
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1.5.1  Tubulin

Detyrosinated tubulin or glu-tubulin forms the basis of the microtubules com-
prising McTNs [37]. The outer diameter of a microtubule filament is 25 nm; tubulin
varies in strength and stability, and the contributions of tubulin detyrosination to
stabilized McTNs is unclear. In in vitro, for example glu-tubulin and a-tubulin have
similar polymerization rates [63]. In in vivo experiments, though, there is evidence
to suggest that detyrosinated tubulin depolymerizes more slowly [64]. However, glu-
tubulin alone does not increase in vivo microtubule stability [65]. Also, the cell can
quickly adjust detyrosination; for example, if glu-tubulin is microinjected into the
cell, it is quickly tyrosinated [66]. More likely, glu-tubulin gets its stability from
binding to intermediate filaments (IFs) like vimentin. It has been shown that vi-
mentin colocalizes to glu-tubulin as well as binds to glu-tubulin with 3 times the
affinity as a-tubulin [67,68]. Tau stabilizes microtubules by bundling them together
and can work competitively with taxol [69,70]. It is also noteworthy that kinesin,
another tubulin crosslinker, prefers to bind to glu-tubulin [68]. Mechanically, buck-
ling experiments support the idea that microtubules bear significant compressive

cellular load [61, 71].

1.5.2  Actomyosin Cortex and Model

The actomyosin cortex is a contractile meshwork near the cell membrane that
ranges in thickness from 50nm - 1 pm [72] (Figure 1.6). The actomyosin cortex is

a meshwork of actin filaments near the plasma membrane; mesh size can vary from
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20 nm [73] to as large as 200 nm [74]. The actomyosin cortex is a dynamic system
where actin filaments are being continuously polymerized and breaking. Addition-
ally important, the actomyosin cortex is contractile where myosin walks along the
actin filaments and pulls the fibers towards each other (See Figure 1.5B and 1.6).
On a cellular level, one can think of the net effect of these moving actin filaments as
creating localized anisotropic contraction dipoles (See Figure 1.5C) and as having a
net pulling force toward the center of the cell (See Figure 1.6).

Thus, there is an actomyosin cortex that pulls inward and generates tension,
and compressive load-bearing microtubules pushing outward [15,75,76]. In a nor-
mal cell, the microtubule pushes against the actin meshwork, the actomyosin cortex
contracts along the membrane causing the membrane to pull inward, and no McTNs
form (See Figure 1.7). For McTN formation, I propose 3 possible ways in which mi-
crotubules can penetrate the actomyosin cortex: loose network, deforming network,
and a breaking network. In a loose actomyosin network, variations in meshwork size
are sufficient perhaps for a 25 nm microtubule to push through a 200nm hole and
beyond the actin cortex for cases of larger mesh size (See Figure 1.8) 200 nm [74].
Furthermore, in at least one immunofluorescent study with blebbistatin treated cells,
microtubule protrusion extension beyond the cell body boundary shows minimal or
sparse colocalization with F-actin [77]. Another possibility, is that the actomyosin
network exerts a weaker force, but gets stretched or deforms along the microtubule
(See Figure 1.9). Experiments showing colocalization of actin and McTNs might sug-
gest this mode [41]. At least one immunofluorescent study in attached cells shows

a thick, consistent layer of actin alongside microtubule protrusions [78|. Lastly, it
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is possible that the actomyosin cortex would simply fail, either due to the strength
of the microtubules, brittleness of the actin cortex, or signaling that locally depoly-
merizes the actin filaments (See Figure 1.10). In at least one immunofluorescent
study of bacterial toxin on mammalian cells, microtubules protrude beyond the cell
body boundary and there are very distinct gaps of the actomyosin cortex where the
protrusions stick out suggesting breaks in the actomyosin cortex [79]. Another study
supporting this model shows that the actomyosin cortex breaks under tension from
a aspirating micropipette and creates a ‘window’ in the actomyosin cortex [80]. Re-
gardless of how the microtubules interact with the actomyosin cortex directly, this
process can be simplified to the idea that the cortex acts as a mechanical barrier

(See Figure 1.11).
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Figure 1.6: Cortex tension and cell shape. (a) Actin filaments assemble into a thin network
connected to the cell membrane and undergoing continuous turnover. Myosin motors exert
forces in the network, giving rise to a cortical tension, T. Motors are assembled into mini-
filaments, which connect pairs of actin filaments and slide them with respect to each other.
This can result in contractile or expansile stresses, depending on the position of the motors
on the actin filaments (top right). Why contractile stresses dominate, giving rise to a positive
tension in the network, is not fully understood. Crosslinks in the network could contribute to
the generation of tension; crosslink turnover is a major determinant of cortex viscoelasticity.
(b) Because of the cell curvature, cortical tension gives rise to a hydrostatic pressure in the
cytoplasm. Gradients of motor-generated contractility within the cortex can drive tangential
flows of cortex in the plane of the membrane (left), whereas normal forces can drive cell
deformations with net displacement of the cytoplasm (right). Figure reproduced with permission
from Elsevier [72]
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Typical cell without microtentacles

Figure 1.7: In a normal cell, forces between microtubules and actin cortex are balanced. Red
arrows represent pull of actin cortex toward center of cell; green arrow, microtubule pushing
outward; black arrow, membrane pulling back against microtubule (red-actomyosin cortex,
green-microtubules, black membrane).
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Loose actomyosin cortex

Figure 1.8: One hypothesis is that Microtentacles form when the actomyosin cortex is loose,
pushing through the meshwork. Red arrows represent pull of actin cortex toward center of
cell; green arrow, microtubule pushing outward; black arrow, membrane pulling back against
microtubule (red-actomyosin cortex, green-microtubules, black membrane).
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Actomyosin cortex deforms around microtubule

Figure 1.9: One hypothesis is that Microtentacles form when Actomyosin cortex deforms and
stretches around the microtubule. Red arrows represent pull of actin cortex toward center of
cell; green arrow, microtubule pushing outward; black arrow, membrane pulling back against
microtubule (red-actomyosin cortex, green-microtubules, black membrane).
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Stabilized microtubule breaks actomyosin cortex

Figure 1.10: One hypothesis is that Microtentacles form when Actomyosin cortex breaks and
the microtubule is allowed to move through. Red arrows represent pull of actin cortex toward
center of cell; green arrow, microtubule pushing outward; black arrow, membrane pulling back
against microtubule (red-actomyosin cortex, green-microtubules, black membrane).
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Figure 1.11: Microtentacles for when Actomyosin cortex is weak or tubulin is stabilized where
actomyosin cortex is in tension and microtubules are in compression.
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1.5.3  Differences in adherent cells and suspended cells

The models outlined above are intended primarily for suspended cells, however
it is worth discussing some of the differences in mechanics between suspended and
attached cells. The tensegrity model is also mostly intended for attached cells but
makes the claim that cytoskeletal prestress exists for suspended cells [61]. Addition-
ally, the tensegrity model cites a study where increasing contact density to ECM
or substrate attachment causes an increase in cell stiffness [81] and argues that the
tensegrity model predicts cell softening for cells in suspension [61]. This is in direct
conflict with the studies in the literature that compare attached and fully detached
cells where measurements by both AFM and optical stretching show that detached
cells increase in stiffness [82,83]. Also in contrast with the tensegrity model are the
prevailing migration models where protrusions are actin based, form due to actin
polymerization, and push rather than pull the edge of the cell [84-86]. In the mi-
gration literature, the pushing of actin polymerization causes a decrease in local
membrane tension allowing the cell to move forward [86]. In one of the more con-
temporary mechanotransduction models, integrin acts as a clutch and stiffer ECM
substrates are able to provide a stronger reaction force and increase the push of the
plasma membrane outward (See Figure 1.12 ) [85].

In general, McTNs are not normally observed in attached cells, which is most
likely due to integrin anchoring unlike free-floating cells. While not outlined in my
model above, based on the migration’s actin polymerization model, I would sus-

pect that outward push of polymerization would lessen the net inward contractility.
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This is consistent with some of the more recent schematics of actin protrusions,
where without adhesions, the net retrograde flow of actin would be higher than the
polymerizing flow [87]. As a result, there would be less opportunity for the plasma

membrane to deform around the microtubules.
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Figure 1.12: Force-mediated regulation of integrin adhesions. Schematic of the ‘focal adhesion
clutch’ on stiff (a) versus soft (b) extracellular matrix (ECM). In all cases, integrins are coupled
to F-actin via linker proteins (for example, talin and vinculin). The linker proteins move
backwards (as indicated by the small arrows) as F-actin also moves backwards, under pushing
forces from actin polymerization and/or pulling forces from myosin II activity. This mechanism
transfers force from actin to integrins, which pull on the ECM. A stiff ECM (a) resists this
force so that the bound integrins remain immobile. A compliant matrix (b) deforms under this
force (as indicated by the compressed ECM labelled as deformed matrix) so that the bound
integrins can also move backwards. Their movement reduces the net loading rate on all the
force-bearing elements, which results in altered cellular responses. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, copyright 2014 [85]
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1.6 Goals and Hypothesis

I show in my thesis that changes to the actomyosin network, change behav-
ior in microtubules in a manner consistent with the cortex acting as a barrier. I
hypothesize that by either weakening the actomyosin cortex or stabilizing micro-
tubules, there will be an increase in the distance of microtubule protrusions beyond
the cell body boundary in both attached and suspended cells, but also to a possibly
lesser extent in attached cells. I aim to develop quantitative assays to analyze the
dynamics of microtubule growth and morphology in both attached and suspended
cells in order to work towards determining distinct morphological signatures for
different types of interactions between the actomyosin cortex and microtubules.

I demonstrate these goals, first, by showing how drug treatments targeting
the actomyosin cortex impact microtubule dynamics for attached cells. Second, I
demonstrate how targeting the microtubules directly in suspended cells and causes
morphological changes to microtentacles. Throughout this process, I synthesize im-
age analysis tools optimized for microtubule growth in attached cells and cell outlines
in suspended cells. Additionally, I determine relevant metrics for morphology and

dynamics
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Chapter 2: MICROTUBULE GROWTH DYNAMICS OF BREAST TU-
MOR CELLS IS ALTERED BY CHANGES IN ACTIN NET-
WORK STRUCTURE AND CONTRACTILITY

This chapter was adapted from Ory, E.C-h., et al, "Microtubule growth dynamics of
breast tumor cells is altered by changes in actin network structure and contractility”,
submitted to Physical Biology, 2016. Ory proposed drug treatments Blebbistatin
and Latrunculin-A and Immunofluorescent experiments. Immunofluorescent exper-
iments were conducted by Martin. EB1 experiments and imaging were conducted
by both Martin and Ory. All analyses were implemented by Ory.

2.1 Summary (Abstract)

The periphery of epithelial cells is shaped by the balance of cytoskeletal physi-
cal forces generated by two dynamic force generating systems - growing microtubule
ends push against the boundary from the cell center, and the actin cortex contracts
the attached plasma membrane. Here we investigate how changes to the struc-
ture and dynamics of the actin cortex alter the dynamics of microtubules. Using
human MCF-7 breast tumor cells expressing GFP-tagged microtubule end-binding-
protein-1 (EB1) and co-expressing cytoplasmic mCherry, we analyze the trajecto-
ries of growing microtubule ends, and follow their position relative to the cell body
boundary. Actin depolymerization with Latrunculin-A reduces the growth speed
of microtubule ends, and increases the fraction of microtubule ends that protrude

beyond the cell body boundary, forming localized tubulin rich protrusions. Reduc-
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ing contractility of the actin cytoskeleton upstream of myosin II via the Rho-kinase
inhibitor Y-27632 also enhances localized microtubule rich protrusions, but does
not slow down microtubule growth. Direct inhibition of myosin II with Blebbistatin
reduces microtubule growth speed and bends trajectories, but does not enhance lo-
calized protrusions. These results demonstrate that microtubule dynamics depend

on both actin network structure and dynamics.

2.2 Introduction

The delicate balance between the physical forces of microtubule growth and
actin network contraction that determines the shape of non-migratory cells is often
disrupted in diseases, in particular when epithelial cells transform into carcinomas
[38,88]. Since more than 90% of human solid tumors arise as carcinomas from
epithelial cells [89], understanding this balance of microtubule growth and actin
network contractions in the context of epithelial cytoskeletal architecture has broad
potential implications.

Microtubule polymerization initiates from the centrosome, also known as the
microtubule-organizing center (MTOC), which is found in the center of eukaryotic
cells (See Figure 2.1). Extension of microtubules toward the cell surface is counter-
acted in several ways by the cortex of actin filaments that lies beneath, and is linked
to the plasma membrane [90,91]. The mesh size of the actin cortex ranges from
20 to 250 nm [72], potentially providing a physical barrier for microtubule bundles,

since individual microtubules are 25nm in diameter. Furthermore, the end-binding
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protein-1 (EB1), which is attached to the growing ends of microtubules, can also
bind to the actin cortex through association with the adenomatous polyposis pro-
tein (APC) [91,92]. Thus microtubule ends couple to the actin cortex in multiple
ways, thus allowing for a balance of forces between pushing and contractility [38,90].
Unlike tensegrity networks with their balance of stationary tensile and load bearing
elements, the actin cortex is dynamic with actin polymerization and depolymer-
ization, and contraction mainly due to non-muscle myosin-II (NMII). The actin
cytoskeleton can also stabilize microtubules and allow them to bear larger com-
pressive forces within cells than is possible with purified microtubules in vitro [93].
Mechanotransduction in epithelial cells is known to be regulated by this balance
between microtubules and actin filaments, and alterations of cytoskeletal structure
and dynamics in epithelial tumor cells disrupt this balance [94,95]. One important
manifestation of this altered balance is microtentacles (McTNs), discovered by one
of us as localized microtubule based protrusions that are found to protrude out from
the otherwise spherical body of circulating tumor cells [38,42,96].

Given the role of actin filaments in cell division and motility, actin has also
become a target for the development of cancer therapies [97,98|. Inhibition of actin
assembly and contractility are effective at reducing the growth and invasion of tu-
mor cells [99-101|. However, there is growing evidence that targeting the actin
cytoskeleton has consequences for other aspects of cancer progression. Toxins that
alter either microtubules or actin can disrupt the ability of epithelial cells to re-
spond to mechanical stimuli [102]. Compounds or genetic alterations that stabilize
microtubules [59, 96] or reduce actin integrity [47,96] promote McTN formation
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and increase the retention of circulating tumor cells in the lung capillaries of living
mice [47,59]. Recently, it has also become clear that reducing actin contractility
can actually increase stem cell characteristics in epithelial tumor cells [103-105],
resulting in greater tumor-initiating capability.

Drugs altering the contractility of the actin cytoskeleton have recently demon-
strated efficacy in enhancing the ability of patient-derived tumor cells to grow in
vitro. Very recent studies show that even relatively short-term treatment with com-
pounds which reduce actin contractility by targeting ROCK (Y-27632) or myosin-II
(Blebbistatin) [106] can directly induce stem cell characteristics in epithelial tumor
cells [103] that promote long-term growth of patient-isolated cancer cells [104, 105]
and tumor formation in mice [103]. These results suggest that altering the mechan-
ical tension of epithelial tumor cells can regulate their ability to proliferate in vitro
and in vivo.

To improve our understanding of how altering actin integrity and contractil-
ity affects the cytoskeletal balance with microtubules, we use time-lapse confocal
microscopy to track the movement of of the microtubule end binding protein EB1
in the epithelial breast cancer cell line MCF-7. Since EBLI is tightly coupled to the
growing microtubule plus end [91,107,108|, we infer microtubule growth from the
motion of EB1. The schematic shown in Figure 2.1 shows the three manipulations
of the actin cortex we use to investigate how actin integrity and contractility al-
ters microtubule growth dynamics. Normally, the actin cortex enhances membrane
tension [90] and resists growing microtubules from extending beyond the cell mem-
brane [91]. Complete disruption of actin polymerization with Latrunculin-A should
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make it easier for microtubules to grow beyond the cell body boundary. Targeting
the Rho-kinase (ROCK) with the small molecule, Y-27632, inhibits activation of
myosin-II and thereby reduces contractility of actin filaments within the cortex [109].
Likewise, Blebbistatin binds directly to myosin-II and disrupts actomyosin contrac-
tility (90, 106]. We selected Y-27632 and Blebbistatin also since both were shown
to increase tumor stem cell characteristics [103-105] and aid proliferation of patient

derived tumor cells in vitro.

2.3 Results

2.3.1 Actin cytoskeleton integrity and contractility affects the structure
of the microtubule network

The microtubule network exhibits qualitative changes upon perturbations of
the actin network integrity and contractility using three different drugs: Latrunculin-
A [96], Blebbistatin [41, 106], and Y-27632 [52]. Network morphology and co-
localization of actin and microtubules were analyzed in fixed cells stained for DNA
with Hoechst 33342, F-actin with Alexa594-phalloidin, and a-tubulin monoclonal
antibody (DM1A). The three drugs did not significantly alter nuclear structure, but
observations of at least 25 cells per condition revealed qualitative changes in the
microtubule network. Figure 2.2 shows representative cells for control and the three
treatments.

The morphology of the MCF-7 cells under control conditions was consistent
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with the relatively flat shapes associated with cultured epithelial breast tumor
cells [96]. The membrane edges appeared tightly anchored to the surface and the
cytoskeletal fibers were distributed throughout the cytoplasm. Polymerized actin
was enhanced in diffuse spots within the cytoplasm and near the nucleus, as well
as membrane ruffles at the cell periphery. Microtubule filaments were visible as a
network throughout the cytoplasm with some accumulation of a-tubulin filaments
near the nucleus.

In cells treated with 5uM of the actin depolymerizing compound, Latrunculin-
A [96], only minimal residual polymerized F-actin was observed with phalloidin
staining, as expected. Filaments of a-tubulin were distributed throughout the cell
body, as in control, but exhibited straight protrusions that do not contain F-actin
and extend beyond the cell body boundary. For cells treated with 254M Blebbistatin
[41], F-actin clumped both within the cytoplasm and near the cell body boundary. a-
tubulin in these cells was denser near the nucleus. Small, straight local protrusions
containing both actin and a-tubulin were visible outside the cell body boundary.
Finally, in cells treated with 10uM of Y-27632 [52] the overall morphology of the cells
had fewer localized protrusions, but also had several regions with actin membrane
‘ruffles” along the cell periphery, consistent with reports that Y-27632 can result in

Rac activation which is associated with laemellipodial membrane ruffles [110].

37



g 20
A ¥
'/l l Actin =
N contractility Latrunculin-A

Myosin-ll‘( -

14 S

l'l

Myosin-II
Blebbistatin

Figure 2.1: Counterbalanced forces of microtubule expansion and actin
cortex contraction. In a normal, adherent epithelial cell, there is a cortex
of cross-linked actin filaments beneath the plasma membrane that is un-
der contraction mediated by the non-muscle myosin-II motor protein (red
arrows). Microtubules are nucleated at the microtubule-organizing cen-
ter (MTOC) and grow outward from the cell center toward the plasma
membrane (green arrows). Microtubule end-binding protein-1 (EB1)
binds preferentially to the growing GTP-capped microtubule plus end
and forms comets projecting from the cell center. Microtubules reach-
ing the network of cortical actin filaments, which have an estimated
mesh size of 100nm. Interaction of EB1 with cortical proteins, such as
APC, also mediate capture of microtubules. Latrunculin-A depolymer-
izes actin, reducing the barrier to microtubule expansion. Phosphoryla-
tion of myosin-IT by the Rho-kinase (ROCK) increases contractility, but
can be inhibited by the small molecule ROCK inhibitor, Y-27632. Sim-
ilarly, Blebbistatin binds directly to myosin-II and reduces contractility.
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Figure 2.2: Actin disruption promotes microtubule extension beyond the cell-body bound-
ary. Human MCF-7 breast cancer cells were treated with vehicle control (0.5% DMSO), 5uM
Latrunculin-A, 25uM Blebbistatin or 10uM of Y-27632 for 30 minutes, fixed with formalde-
hyde and fluorescently stained for actin localization (red), microtubules (green) or DNA (blue).
Confocal microscopy images are shown for each channel and condition, along with an overlay
of all channels (right column)(scalebar = 10um).
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2.3.2  Quantifying microtubule growth dynamics via lwe cell imaging

In order to track microtubule tip growth, images of GFP-labeled EB1 proteins
were collected via fluorescence time-lapse microscopy [107,108]. Taking one image
every 2 seconds allowed us to follow the growing trajectories of the labeled micro-
tubule plus ends. In control movies, EB1 clusters appeared uniformly distributed
across the inside of the cell (Figure 2.3-top). A maximum intensity time projection
written in Matlab of images across all 50 time points illustrated the microtubule tip
trajectories throughout the cell (Figure 2.3-bottom).

Blebbistatin treatment caused EB1 tips to move more slowly (Figure 2.3-top).
Trajectories were fainter and shorter than for other drug treatments or control (Fig-
ure 2.3-bottom), but quantitative tracking (Figure 2.4) was still possible for an av-
erage of more than 93% of EBI1 tips with an automated cluster-finding and tracking
algorithm. The snapshots of Latrunculin-A treated cells showed little background
fluorescence, and EB1 clusters were scattered throughout the cytoplasm inside the
cell as well as outside the cell body boundary (Figure 2.3-top). The time-lapse pro-
jection images revealed long, straight trajectories, many extending beyond the cell
body boundary (Figure 2.3-bottom). Microtubule tip trajectories did not encircle
the nucleus, even though significant a-tubulin was seen in the immunofluorescence,
indicating that the a-tubulin around the nucleus may be more stable than mi-

crotubules in other regions of the cell (Figure 2.3-bottom). In cells treated with
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Y-27632 [52], microtubule tips were scattered throughout the cytoplasm and near
the boundary, but scarce near the nucleus (Figure 2.3-top). The trajectories were

straight, and again scarce near the nuclei (Figure 2.3-bottom).
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Ory et al., Figure 3

Vehicle Latrunculin 5 uM Blebbistatin 25 uM Y-27632 10 uM

Single image

t-projection

Figure 2.3: Live-cell confocal microscopy of EB1-GFP allows imaging of microtubules dynam-
ics. (Top) Single image frame of EB1-GFP transfected cells for all 4 conditions. (Bottom)
Mean image across all 50 frames (scalebar = 10um).
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Ory et al., Figure 4

Vehicle Latrunculin 5puM Blebbistatin 25 uM Y-27632 10 uM

Figure 2.4: Tracking algorithm identifies dynamic EB1-GFP tips and trajectories. A) Example
of EBL tips found. B) Example of tips tracked. C) Individual trajectories: i. Normal trajectory
in cell bulk. ii. Trajectory in cell bulk treated with 25uM blebbistatin. iii. Trajectory in cell
bulk treated with 5uM latrunculin. iv. Trajectory in cell bulk treated with Y27632. v. Normal
trajectory near cell edge. vi. Trajectory in near cell edge treated with 25uM blebbistatin. vii.
Trajectory near cell edge treated with 5uM latrunculin. viii. Trajectory near cell edge treated
with Y27632. D) Trajectory overlays for normal cells where blue represents earlier time frames
and red represents later time frames (scalebar = 10um). E) Trajectory overlays for cell treated
with 25uM blebbistatin where blue represents earlier time frames and red represents later time
frames. F) Trajectory overlays for cell treated with 5uM Latrunculin-A where blue represents
earlier time frames and red represents later time frames. G) Trajectory overlays for cell treated
with Y-27632 (10uM) where blue represents earlier time frames and red represents later time
frames.
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2.3.3  Particle tracking microtubule end dynamics

The tip finding algorithm successfully picked out microtubule tips from images
(Figure 2.4A). We analyzed image sequences if the tip tracking algorithm tracked
at least 85% of visible tips for a minimum of 4 frames (Figure 2.4B), and at least
85% of tips moved more than 1 pixel. For control and drug treated cells, typical
trajectories are shown both in the cell bulk and near the cell body boundary (Figure
2.4C). For all 4 conditions, an overlay of all trajectories are shown in Figures 2.4D-G.
As expected, trajectories are generally in concordance with time-projected images
shown in Fig. 2.3, indicating that the microtubule tip finding and tracking algorithm
output was reasonable. The trajectories are color-coded to reveal the overall outward
motion of microtubules - blue indicated the starting-point of each trajectory and red
the endpoint (Figure 2.4D-G).

Control cells displayed microtubule growth throughout the cytoplasm, with
very few microtubule tip trajectories extending beyond the cell body boundary (Fig-
ure 2.4D). Likewise, Blebbistatin treated cells had short trajectories of microtubule
tips throughout the cytoplasm, consistent with the time-projected images (Figure
2.4E). For cells treated with Blebbistatin, the tracking algorithm found few EB1 tra-
jectories beyond the cell body boundary even though the fixed images show localized
tubulin containing protrusions extending beyond the cell body boundary. The lack

of actively growing microtubule tips in these Blebbistatin-induced protrusions sug-
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gests that the microtubules extending the cytoplasmic edge were more stable in this
case.

In Latrunculin-A treated cells, the distribution of microtubule tips was similar
in fixed cells (Figure 2.2) and in live cell imaging (Figure 2.4F), indicating that
localized tubulin containing protrusions in this case did not contain significantly
more stable microtubules than other regions. Similar to Blebbistatin treated cells,
Y-27632 treated cells had short-lived tubulin growth near the edge of the cell body
boundary (Figure 2.4G). Beyond the cell body boundary, Y-27632 treated cells
exhibited localized a-tubulin protrusions. Though we found fewer protrusions com-
pared to blebbistatin treatment in both fixed imaging (Figure 2.2), we found more
protrusions than in blebbistatin treatment for live cell imaging (Figure 2.4G). This
suggests that in Blebbistatin-treated cells, localized tubulin containing protrusions
were stable, while Y-27632 and Latrunculin-A lead to more dynamic protrusions

with active microtubule growth.

2.3.4  Localizing microtubule tip relative to the cell body boundaries

Next, location of microtubule tips in relation to the cell body boundary was
measured. Analysis for control (0.1% DMSO) was comprised of 2 experiments from
19 independent cells at 950 frames (50 frames each) or 48,497 tip distance mea-
surements. The average distance of microtubule tips from the cell body boundary

measured 1.7 £0.2 pym from the cell body boundary(Figure 2.5C). Similar analy-
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sis of Latrunculin-A treated cells (2 experiments, 18 cells, 900 frames, 45,148 tips)
showed that the average distance of microtubule tips from the cell body boundary
decreased significantly to only 0. 16+0.2 um compared to control (anova p<.0001
and ks-test p=1.0178e-6). Blebbistatin treated cells (2 experiments, 16 cells, 800
frames, 41,161 tips) had microtubule tip locations at an average distance compa-
rable to controls at 1.540.2 pm with no significant difference (anova p=.9397 and
ks-test p=.0528). Cells treated with Y-27632 (2 experiments, 19 cells, 950 frames,
44,821 tips) also exhibited a significantly smaller microtubule tip distance from the
boundary at 0.8+0.3 um compared to control (anova p=.0263 and ks-test p=.0181).
Additionally, microtubule tip distance from the boundary for Latrunculin-A treated
cells was significantly less than Blebbistatin treated cells (anova p=.0004 and ks-test

p=6.4616¢-6).
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Figure 2.5: Analysis of localization and distribution of dynamic microtubule ends. A) Cell
body boundary from mean mCherry image taken across 50 frames (left). B) Mean distance
from the boundary for all 4 conditions (bottom left). Control treated cells (.1% DMSO)
show an average distance from cell body boundary of measured 1.7 0.2 ym. Cells treated
with 5uM Latrunculin-A show an average distance of 0. 16+0.2 pum which is a significant
decrease when compared to control (anova p<.0001 and ks-test p=1.0178e-6). Cells treated
with 25uM Blebbistatin have an average distance of 1.5 0.2 um comparable to controls with no
significant difference (anova p=.9397 and ks-test p=.0528). Cells treated with 10uM Y-27632
have an average tip distance of 0.840.3 pum which is significantly smaller than control (anova
p=.0263 and ks-test p=.0181). Additionally, microtubule tip distance from the boundary for
latrunculin treated cells was significantly less than blebbistatin treated cells (anova p=.0004
and ks-test p=6.4616e-6). C) Percentage of particles outside the boundary (left), near the
cell body boundary (within 10% of mCherry-defined cell body boundary) and in the cell bulk
(right).
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2.3.5  Measuring the fraction of microtubule tips that are part of local-
1zed protrusions

Next we quantified the fraction of growing microtubule tips located near the
cell body boundary, tips that were part of localized protrusions, and tips that were in
the cell’s interior (Figure 2.5C). Tips near the boundary were defined as those within
10% of the cell’s cytoplasmic area that is closest to the boundary. For control treated
cells the percentages of tips in the regions outside the cell body boundary, near the
cell body boundary, and in the cytoplasmic bulk were 3+2%, 194+2%, and 784+2%
where percentages for all 3 regions were significantly different (anova p<.0001). For
Latrunculin-A treated cells the percentages of tips in the regions outside the cell
body boundary, near the cell body boundary, and in the cytoplasmic bulk were
28+2%, 20+£2%, and 52+2%. For cells treated with Latrunculin-A outside the cell
body boundary, the distribution had a skew of 12; thus, an additional ks-test was
conducted on all comparisons including the population of Latrunculin-A treated
EB1 tips outside the cell body boundary to check for significance. For Latrunculin-
A treated cells outside the cell body boundary, there was no significant difference
when compared to EB1 tips near the cell body boundary (anova p=.2663 and ks-test
p=.4255). For Latrunculin-A treated cells, there were significantly fewer EB1 tips
outside the cell body boundary and near the boundary compared to inside the cell

body bulk with anova computed p-values less than .0001 for both (ks-test p=2.9003e-
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07 and p=3.8098e-08 respectively). For Blebbistatin treated cells the percentages
of tips in the regions outside the cell body boundary, near the cell body boundary,
and in the cytoplasmic bulk were 4+2%, 23+2%, and 73+2% where percentages
for all 3 regions were significantly different (anova p<.0001). For Y-27632 treated
cells the percentages of tips in the regions outside the cell body boundary, near the
cell body boundary, and in the cytoplasmic bulk were 12+2%, 33+2%, and 55+2%
where percentages for all 3 regions were significantly different (anova p<.0001).
For the region outside the cell body boundary, Latrunculin-A had a signifi-
cantly higher percentage of EB1 tips compared to all other regions control, Blebbis-
tatin, and Y-27632 (anova p<.0001 for all 3 and ks-test p=2.6693e-09, 1.3309e-08,
and 1.6487e-04 respectively). Additionally, while Y-27632 treated cells had signifi-
cantly less EB1 tips outside the cell body boundary, there were significantly more
EB1 tips outside the cell body boundary compared to control treated cells (anova
p=.0334 ks-test p=4.6625e-04). In the region closest to the boundary, only Y27632
had significantly more EB1 tip localization compared to control, Latrunculin-A, and
Blebbistatin (anova p=0.0011, 0.0031, 0.0391 respectively). Both the control and
Blebbistatin had over 70% of the EB1 tips in the cytoplasmic bulk and significantly
more EBI1 tips in the bulk region compared to Latrunculin-A (anova p<.0001 for

both) and Y27632 (anova p<.0001 and 0.0008 respectively).

49



2.3.6  Measuring microtubule tip speed

In addition to quantifying EB1 tip localization, speeds of EB1 tips were mea-
sured to see whether actomyosin cortex integrity changed the speed of the EB1
tips for different drug treatments. For speed and dynamics experiments, videos
without mcherry staining were used. Analysis for control was comprised of 5 ex-
periments from 24 independent cells and a total of 4,979 individual EB1 tip tra-
jectories measured over time. The average speed of microtubule tips in untreated
cells was 0.075+0.002um/s (Figure 2.6A). When broken down by regions outside,
boundary, and bulk, the average speeds were 0.05740.003pm /s, 0.065+0.003um /s,
and 0.08440.003um /s respectively. For cells treated with 5uM Latrunculin-A there
was a total 3 experiments, 22 cells and 3,703 trajectories where the average speed
was 0.065+0.004pm/s; when broken down by regions outside, boundary and bulk:
0.04840.003pm /s, 0.058+0.004pm/s, and 0.071+0.005um /s respectively. For cells
treated with 25uM Blebbistatin there was a total of 5 experiments, 18 cells, and
4,240 trajectories moving an average speed of 0.053+0.002um /s; when the trajecto-
ries were broken down into their regions of outside, boundary and bulk, the speeds
were 0.037+0.003um/s, 0.046+0.002um /s, and 0.056+0.003m /s respectively. For
cells treated with 10uM Y-27632, there was a total of 3 experiments, 25 cells, and
5,117 trajectories moving an average speed of 0.077+0.003pm/s; when the trajecto-
ries were broken down into their regions of outside, boundary and bulk, the speeds
were 0.05940.004um /s, 0.0624+0.002um /s, and 0.088+0.003pm /s respectively. For

cells treated with 25uM Blebbistatin, the average speed of EB1 tips moved sig-
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nificantly slower than Control, 5uM Latrunculin-A, and 10uM Y-27632 (p<.0001,
p=0.0228, and p<.0001 respectively). Additionally, cells treated with Latrunculin-A
had an average EB1 tip speed moving significantly slower than trajectories in cells
treated with Y-27632 (p=.0130).

Within each cell treatment, the speed of trajectories was compared between
all 3 regions: outside the cell body boundary, near the cell body boundary, and
inside the cytoplasmic bulk. For the control and all drug treatments: Latrunculin,
Blebbistatin, and Y-27632 EB1 trajectories outside the cell body boundary moved
significantly slower than trajectories inside the cytoplasmic bulk (p<.0001, p=.0002,
p=.0001, and p<.0001 respectively). It is evident from this change in speed that
the membrane can exert a force that counteracts microtubule growth, even without
intact actin or actomyosin contraction. For the control and all drug treatments:
Latrunculin, Blebbistatin, and Y-27632 boundary region trajectories moved signif-
icantly slower than bulk region trajectories(p<0.0001, p=0.0475, p=0.0394, and
p<.0001 respectively), but no significant difference in speed between trajectories
near the boundary and those outside the cell body boundary. However the dif-
ferences in speed between the EB1 trajectories in the bulk region of the cell verses
boundary region of the cell were more pronounced in control conditions and Y-27632
compared to Latrunculin-A treated cells and Blebbistatin treated cells suggesting
that when contractility of the actomyosin cortex is compromised, there is less barrier

to slow down the speed of microtubule growth.
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Figure 2.6: Average speed (um/s) for all 4 conditions: control (black) at 0.075+0.002um /s, 5uM
Latrunculin-A (purple), at 0.06540.004pm/s, 25uM Blebbistatin (red) at 0.053+0.002um/s,
and 10uM Y-27632 (yellow) at 0.0774+0.003um/s. B. Break down of speed for all 4 conditions
broken into 3 regions from left to right: outside the cell body boundary, near the cell body
boundary (the 10% of points inside the cell body closest to the boundary) and within the cell
bulk (remaining area inside the cell body): speeds for control (black) were 0.05740.003um/s,
0.06540.003um/s, and 0.084+0.003um/s respectively; speeds for 5uM Latrunculin-A (pur-
ple), were 0.048+0.003um/s, 0.05840.004pm /s, and 0.0714+0.005um /s respectively; speeds for
25uM Blebbistatin (red) were 0.03740.003um /s, 0.046+£0.002um /s, and 0.0564+0.003um /s re-
spectively; and speeds for 10uM Y-27632 (yellow) were 0.0594-0.004um /s, 0.06240.002um /s,
and 0.08840.003um/s respectively. Error bars represent SEM.
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2.3.7  Measuring microtubule tip trajectory straightness

To determine the straightness of trajectories of growing microtubules, the ori-
entation autocorrelation function was measured separately for each microtubule tip
trajectory. We measured both the change in direction of motion over time, which
yielded a characteristic turning time for growing tips, and the distribution of the
temporal orientation autocorrelation as a function of position, which yielded a char-
acteristic lengthscale over which trajectories bent. We analyzed all trajectories in 24
control cells, 22 cells treated with Latrunculin-A, 18 cells treated with Blebbistatin,
and 25 cells treated with Y-27632. The orientation correlations, averaged over all
trajectories for each condition (50 frames per cell) are shown as a function of time
delay (Figure 2.7) and as a function of cumulative distance (Figure 2.8) . We found
that microtubules in cells treated with Y-27632 maintained their direction similar to
control cells. In contrast, microtubules in Blebbistatin and Latrunculin-A treated
cells changed direction more quickly, and over shorter distances than control cells.
Note that Blebbistatin and Latrunculin-A treated cells also had microtubule tips
that move notably slower (Figure 2.6). An exponential fit of the time delay autocor-
relation function yielded a characteristic time and distance over which microtubule
tips change direction, as shown in Table 2.9. The higher 7 and lower s decay con-
stants in Control and Y-27632 indicate less change in direction and curving over

time and space.
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Ory et al., Figure 6
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Figure 2.7: Orientation Autocorrelation as a function of time for control (black squares),
Blebbistatin (red squares), Latrunculin-A (purple squares), and Y-27632 (yellow squares).
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Ory et al., Figure 7

Control
Latrunculin 5 uM
Blebbistatin 25 uM
Y-27632 10 uM

0.9

sl ] |

0.8

0.7

0.6

0.5

04

Correlation distribution, p(C(At))

| | | | | | | | | |
0 05 1 15 2 25 3 35 4 45 5 55
Cumulative distance of EB1 tip (um)

Figure 2.8: Distribution of Temporal orientation Autocorrelation as a function of cumulative
distance for control (black squares), Blebbistatin (red squares), Latrunculin-A (purple squares),
and Y-27632 (yellow squares).
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Ory etal., Table 1

Orientation Autocorrelation as a function of time

Ae T+ B

A B T(s)
Vehicle 0.78 0.24 3.09
LA 0.77 0.24 1.71
Blebbistatin 0.89 0.11 2.14
Y-27632 0.74 0.28 2.92

Spatial Distribution of Temporal Orientation Autocorrelation

Ae ™ + B

A B 1/x (nm)
Vehicle 0.61 0.38 0.25
LA 0.67 0.31 0.32
Blebbistatin 0.87 0.12 0.34
Y-27632 0.55 0.44 0.29

Figure 2.9: Orientation autocorrelation coefficients as a function of time (top) and spatial
distribution of temporal orientation autocorrelation (bottom) for control, Latrunculin-A, Bleb-
bistatin, and Y-27632.
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2.4 Discussion

Previous research suggests that microtentacles form in suspended cells when
the actomyosin cortex is compromised supporting a model where microtentacle for-
mation is the result of unbalanced forces between the actomyosin cortex and mi-
crotubules [39,43,46]. Here we present results that show, changes in microtubule
growth for attached cells as the result of changes in the actomyosin cortex. We
focused on the drugs listed above that target the actin cytoskeleton yet induce
changes in cell behavior that are strongly microtubule dependent (e.g. prolifera-
tion). The drugs are small molecule inhibitors of the actin cytoskeleton, both per-
turbing its integrity (Latrunculin-A) and contractility (Blebbistatin, Y-27632) [106].
Latrunculin-A binds directly to S-actin monomers, sequestering them and prevent-
ing their assembly into F-actin filaments [111,112]. Blebbistatin and Y-27632 do
not alter actin polymerization, but reduce actomyosin contractility through inde-
pendent mechanisms. Blebbistatin binds to non-muscle myosin-II (NMII) and slows
down the release of phosphate that primes myosin-II for reattachment to actin fil-
aments [106]. As a result, NMII is blocked in an intermediate state with low actin
affinity, effectively releasing the actin-myosin cross-bridges that promote contrac-
tility [106]. The small molecule drug Y-27632 suppresses Rho-associated kinase
(ROCK) which in turn stimulates actomyosin contractility. Y-27632 competes with

ATP in the ROCK active site, reducing the kinase activity of ROCK and therefore
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reducing NMII-induced actomyosin contractility [90]. Additionally, Y-27632's inhi-
bition of ROCK results in the activation of cofilin an actin severing protein [101].
Therefore, while each of the three compounds target actin function, Latrunculin-A
broadly disrupts actin polymerization, Blebbistatin targets actomyosin contractility,
and Y-27632 targets both the actin filaments and actomyosin contractility.

Our analysis of microtubule structure and dynamics for the controls and three
drugs is carried out on MCF-7 breast tumor cells expressing the fluorescently tagged
microtubule end-binding-protein-1 (EB1) [107,108|. Differences in localization and
amounts of all microtubules (Figure 2.2) and the actively growing microtubules mea-
sured via EB1 are used to infer microtubule stability. We find that microtubules
overall are more stable under Latrunculin A treatment, with few growing tips overall,
and a low concentration of tips near the cell body bulk region. Our results further
show that most active microtubule tips with EB1 are concentrated a few microns
from the cell body boundary (Figure 2.5A,C). Control cells showed less than 10% of
microtubule tips beyond the cell body boundary (Figure 2.5B), while Latrunculin-A
and Y-27632 increase localized protrusions, indicating that both the structural in-
tegrity and the dynamics of the cortex prevent localized protrusions of microtubules
through the actin cortex. Since microtubules will buckle and break when encoun-
tering a barrier [113], the relative softening of the actin cortex by Blebbistatin and
Y-27632 could produce a more flexible actin cortex that improves cortical capture
of growing microtubules, rather than breakage.

EB1 trajectories treated with Latrunculin-A move significantly slower than

control cells or cells treated with Y-27632. This suggest that the membrane ten-
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sion beyond the cell body boundary is the largest inhibitor of speed and is further
supported by the fact that EB1 trajectory speeds are slower outside the cell body
boundary across all conditions where Latrunculin-A has significantly more EB1 tips
beyond the cell body boundary than all other conditions. Interestingly, Blebbistatin
moves significantly more slowly than any other conditions despite not having more
EB1 tips beyond the cell body boundary. It is worth considering that while other re-
sults provide evidence supporting the notion of growing microtubules contained by a
contractile actomyosin cortex, all the above experiments were conducted on attached
cells. One of the key, widely accepted models for attached cells posits that actin-
based protrusions form from actin polymerization pushing the plasma membrane
outward [114, 115]. Also, studies show that Blebbistatin weakens the protrusive
force of lamellipodia [116]. Furthermore, the speed of actin in the lamellipodia is
around speed 25nm/s and 2nm/s for retrograde flow [117]. The speed of the EB1 tips
in control cells was around 0.075+0.002um /s and blebbistatin, 0.053+0.002um /s or
a speed difference of about 22 nm/s and comparable to actin in the lamellipodia.

Straightness of microtubule tip trajectories is decreased by either actin de-
polymerization (Latrunculin-A) or the inhibition of actomyosin contractility with
Blebbistatin (Figure 2.7) In support of this model, previous studies have shown
that the cytoplasm provides a barrier to microtubule persistence length, compared
to in vitro microtubule growth [118]. Depolymerization of actin with Latrunculin-A
also decreased the straightness of the EB1 trajectories overall, but trajectories were
deflected in localized protrusions outside the cell body boundary.

Cells sense their mechanical microenvironment and the presence of wounds
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through both actin contraction and microtubule extension [15,38,119]. Persistent
pulling of actomyosin contraction on both cell-matrix and cell-cell adhesion points
serve as signals for appropriate cell attachment [120]. Imbalances between actin cor-
tical contraction and microtubule extension from the cell center can also influence
metastatic potential through the formation of microtentacles on the surface of free-
floating tumor cells [38]. Reducing actin contractility with Blebbistatin enhances
microtentacles that promote tumor cell reattachment and aggregation [41]. Further
supporting a role for cytoskeletal balancing, microtentacles are induced by either
inhibition of actin polymerization with Latrunculin-A or hyperstabilization of mi-
crotubules with Paclitaxel [59,96]. The importance of this microtubule-actin force
balancing is also demonstrated by several studies in the past year that have shown
that compounds which reduce actomyosin contractility, including Blebbistatin and
Y-27632, are capable of allowing long-term in vitro culture growth of patient-derived
tumor cell from many cancers [104, 105] using a new method termed ‘conditional
reprogramming’, because cells treated with cytoskeletal inhibitors divert from their
differentiation program and become capable of growing efficiently and for many gen-
erations [104,105]. These results suggest that some stem cell characteristics may be
regulated by mechanical changes in the cytoskeleton. In support of this model, both
Blebbistatin and Y-27632 induce stem cell characteristics in primary colon cancer
cells, including spheroid formation, CD44v expression and increased tumorgenicity
in mice [103]. If the balance of microtubule expansion against actin contraction is
partly responsible for these effects, it would be predicted that microtubule stabiliza-

tion would also be influenced by cell detachment and produce increased stem cell
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characteristics. In fact, both increased microtubule stabilization upon cell detach-
ment [48]| and the induction of stem cell characteristics by the common microtubule
stabilizing compound, Paclitaxel, have already been observed [121].

Currently, many clinical chemotherapeutic drugs target the cytoskeleton such
as Vinblastine, Paclitaxel, and Demecolcine. Cytoskeletal compounds which pro-
mote actin disruption or microtubule stabilization could inadvertently induce sur-
viving cancer cells to elevate microtentacles in circulating tumor cells, or localized
protrusions in attached cells, and increase stem cell characteristics. Overall our re-
sults show that it will be important to more clearly understand how proposed cancer
drugs alter the balance between microtubule extension and actin cortical contrac-
tion. We conclude that it will be important to understand this balance for a broad

range of cancer treatments.

2.5 Materials and Methods

2.5.1 Breast cancer cells and culture conditions

Human MCEF-7 breast cancer cells, which retain many epithelial characteris-
tics [122,123], were used to model the effects of actin disruption on cytoskeletal
balancing in epithelial carcinoma cells. MCF-7 cells were cultured in DMEM con-
taining 10%FBS and 1%Pen/Strep [59]. At 80% confluency, cells were detached
by trypsinization and replated onto dishes with glass coverslip bottoms to enable

imaging with confocal microscopy [59].
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Drug reagents were obtained from Sigma Aldrich and concentrations were
based on previous studies: 5uM Latrunculin-A [37,44], 25uM Blebbistatin [41, 52],
10pM Y-27632 [39,46]. Cell viability for the above concentrations were determined
by previous work in the Martin Lab employing a variety of different assays at 24-
hour time points. To determine whether drug treatment kills the cells by necrosis,
an XTT or CellTiter assay is frequently employed [37,39, 44, 46, 53]. The XTT
assay works by staining for metabolically active cells. To determine whether the
drug treatments might induce apoptosis, a western blot of PARP cleavage is often
conducted [37,46].

An additional functional assay to consider when determining whether drug
treatments may cause cytotoxicity is a washout test. For a wash-out test, media
with drug treatment is removed and several subsequent exchanges of clean media
and removal are administered to remove drug exposure from the cells. Next, the
cells would be reimaged and the same analyses executed as control and treatment.
Finally, wash-out results are compared to control results to ensure that the drug
treatments had no additional adverse effects.

Drug reagents were obtained from Sigma Aldrich and concentrations were
based on previous studies: 5uM Latrunculin-A [37,44], 25uM Blebbistatin [41, 52],
10uM Y-27632 [39,46]. Cell viability for the above concentrations were determined
by previous work in the Martin Lab employing a variety of different assays at 24-
hour time points. To determine whether drug treatment kills the cells by necrosis,
an XTT or CellTiter assay is frequently employed [37,39, 44, 46, 53]. The XTT

assay works by staining for metabolically active cells. To determine whether the

62



drug treatments might induce apoptosis, a western blot of PARP cleavage is often

conducted [37,46].

2.5.2  Indirect Immunofluorescence

MCF-7 cells grown on glass coverslips were treated with vehicle (DMSO 0.1%)
or the indicated drug for 30 minutes, Blebbistatin (25uM), Latrunculin-A (5uM) or
Y-27632 (10uM). Cells were then fixed (3.7% formaldehyde/PBS, 15 minutes), per-
meabilized (0.25% Triton X-100/PBS, 10 min), and blocked for 1h [PBS/5% bovine
serum albumin (BSA)/0.5% NP40|. Immunostaining was performed for one hour at
4 °C with monoclonal a-tubulin DM1A (1:1000, Sigma) and Alexa488-conjugated
secondary antibody (1:1000, Invitrogen), along with Hoechst 33342 (1:5000, Sigma)
to label DNA and Alexa594-Phalloidin (1:200, Molecular Probes) to visualize poly-
merized actin. Images were acquired on an Olympus FV1000 laser scanning confocal

microscope (Olympus, Center Valley, PA).

2.5.3  Transfection and confocal microscopy

To observe the growth of microtubules, cells were transfected using Exgen-500
(Fermentas) with full-length APC-associated end-binding protein-1 (EB1) that was
fused at its C-terminus to green fluorescent protein (EB1-GFP) [108]. To compare
cells with relatively similar levels of EB1 expression, cells were imaged at a short
time point (16 hours post-transfection) and cells with comparably low levels of

particulate EB1-GFP fluorescence were used for analysis. Cells with bright and
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diffuse cytoplasmic EB1-GFP were excluded from the analysis, since this level of
expression presumably saturates the microtubule binding sites for EB1. Cells were
imaged on an Olympus FV-1000 point scanning confocal microscope, and live images
were taken every 2 seconds in 50 sets of 256x256 image frames, using a 60x oil
immersion objective. GFP fluorescent signal was collected using excitation from a
488nm laser line (10% power) and FITC emission filter set (Olympus, 41001). For
boundary analysis datasets only, cells were co-transfected with mCherry to serve as a
non-targeted cytoplasmic marker. Time-lapse videos were collected from at least 19
cells for each of the 4 different treatment conditions in 2 independent experiments:
Vehicle control (0.1% DMSO), Latrunculin-A (5uM), Blebbistatin (25uM), and Y-

27632 (10uM).

2.5.4  Image analysis, particle tracking and computation

EB1 localizes into clusters bound to the tips of growing microtubules. Trajec-
tories of the EB1 clusters were computed using established particle tracking meth-
ods [124]. To remove noise, a bandpass filter was applied to the images with a lower
threshold at 1 pixel and higher bandpass threshold at 4 pixels. The position of each
cluster was determined with subpixel accuracy via peak fitting of the bright region.
To measure the dynamics of the microtubules in an image sequence, the locations of
clusters in successive images are linked as belonging to the same microtubule using
established maximum likelihood principles for particle tracking [124]. To reduce

noise from centroid computation, a moving average over three frames was applied
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to the trajectory of each EBI cluster, truncating the first and last location of each
cluster. Furthermore, only clusters that moved a minimum displacement of 1 pixel
were included in velocity vector computations. The average speed was calculated
by taking the mean of all speeds between two frames.

In order to find the cell body boundary, we modified image analysis methods
developed previously [125]. Since the cells do not move significantly, aside from lo-
calized protrusions, the boundary was measured from the mean image of 50 frames
in the cytoplasmic (mCherry) channel. This yields a cell body boundary that ignores
short lived cellular extensions (microtentacles, filopodia, etc.), i.e. such extensions
are considered "outside” the cell body boundary for our further analysis. In our
analysis we did not include image sequences that were very noisy, where less than
85% of identified particles were successfully tracked; or less than 85% of the trajec-
tories showed notable displacements of >1 pixel. For further analysis, we defined
the distance from the boundary to be positive inside the cell body (cytoplasmic)
boundary, and negative outside the boundary of the main cell body, e.g. in McTNs.
Microtubule tip locations were characterized as outside the cell body, in the cell
interior, or near the boundary. The cell body boundary region is defined as the 10%

of the cell area closest to the boundary from the inside.

2.5.5 Statistics

For all statistical analysis, code was written in MATLAB. In order to determine

whether a the data had a normal distributions, measurements of skew and kurtosis
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were conducted. Data was accepted as normal if the skew had a value 2 and
the kurtosis was between 0 and 6. For comparing multiple conditions, anova tests
measure p-values. In the event that the data did not meet the criteria for a normal

distribution, an additional Kolmogorov-Smirnov (ks-test) was conducted in parallel.
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Chapter 3: EXTRACTING MICROTENTACLE DYNAMICS IN NON-
ADHERENT CELLS

This chapter was adapted from Ory, E.C-h., et al, "Extracting Microtentacle Dynam-
1cs in Non-adherent Cells", In preparation for Oncotarget, 2016. Experiments were
proposed and conducted by Ory. Tethering slides were prepared by Chakrabarti.
First iteration of anisotropic filtering code was written by Chen. All other code and
analysis was conducted by Ory.

3.1 Abstract

The study of circulating tumor cells (CTCs) is one of the fastest growing fields
of cancer research and holds exciting potential for less invasive clinical research
and diagnostics. Using recently developed tethering techniques, we present a novel
image analysis framework for extracting the outlines of microtentacles (McTNs).
From full cell outlines, we were able to measure total number of microtentacles,
distance of McTN tips from cell body, as well as develop 2 total McTN phenotype
metrics. Having a robust, automated analysis of microtentacle phenotype allowed us
to measure dynamic morphological fluctuations by computing the autocorrelations
coefficients. We demonstrate that while microtubule stabilizing drug treatment
taxol increases total microtentacle phenotype, it reduces microtentacle dynamics.
This work has potential implications for developing techniques to quickly measure

drug response to small patient samples of CTCs.
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3.2 Introduction

The study of circulating tumor cells is a rapidly growing field of research and
diagnostics [126]. Considering that 90% of cancer fatalities are the result of metas-
tasis [1], tumors surviving in the circulation is a rate-limiting step in the metastatic
cascade and presents a valuable opportunity for understanding patient prognosis
and preventing dissemination. Already, research has demonstrated that CTCs can
be detected early during cancer disease progression [126,127]; furthermore, a higher
CTC count is correlated with a poorer prognosis [126]. Better understanding of CTC
characteristics and reattachment mechanisms represent an underutilized approach
for improving patient diagnostics and drug therapies.

Historically, the incredibly low concentration of CTCs, which are as rare as
1 CTC in 100 million to 1 billion blood cells, has posed a technological hurdle to
further research and better understanding of the role of CTCs in metastasis [128§],
Recently, an abundance of emerging technologies has improved the efficacy and
efficiency of capturing and segregating CTCs [126]. For example, Vortex Bioscience's
technology now has a capture efficiency of 83% and processes up to 800 L of blood
per minute [129]. The Celsee Diagnostics's capture method has a sensitivity of 94%
and specificity of close to 100%. In these studies, between one and 2,457 CTCs
were captured in 2 mL of blood. [128|. Cellsieve has a capture efficiency of 98%
for chemically-fixed cells and 85% for live, unfixed cells [130]. It is now feasible to
capture 10 CTCs or more from a typical patient blood sample size.

Though CTCs can now be extracted from the bloodstream, further charac-

68



terization of the cells is very limited, in particular, characterization of the cells in
their native environment of suspension. Currently, the most frequent downstream
analysis only enumerates total number of CTCs or presence of particular biomark-
ers using immunostaining [126]. Most image analysis techniques for suspended cells
have focused on detecting and measuring immunofluorescence levels for a particular
biomarker. Due to the dynamic and motile nature of non-attached cells, few studies
have focused on time-lapsed single cell imaging.

Little is known about which circulating tumor cells succeed in surviving the
blood stream and ultimately forming metastases [131]. However, one likely mor-
phological phenotype of cell reattachment that was found in numerous metastatic
breast tumor cell lines is the presence of microtentacles, McTNs [42,59]. McTNs
are tubulin-based protrusions found in detached cells; McTN positive cells reattach
to endothelial cells, get trapped in the capillaries of the lungs, and are a poten-
tial indicator for evaluating reattachment potential [38,42|. A higher microtentacle
number is found in more invasive breast cancer cell lines [42]|. Furthermore, molec-
ular mechanisms that support McTNs are associated with increased metastasis and
poor patient prognosis [38,132].

Standard image analysis techniques cannot reliably capture the faint, thin
McTN structures since most standard fluidic systems for CTCs allow cells to float
out the field of view quickly, thus limiting data to snapshots of CTCs as they passed
by the imaging area. Thus, most prior work on McTNs relied on a blinded observer
to manually score the presence or absence of McTNs..

Here we use a novel cell tethering technique, recently developed and validated
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by the Martin group that allows us to hold a cell in place within the field of view of
the microscope over long time periods, and thus enable extended time-lapse imaging
of McTN behavior [133]. To analyze these much larger datasets we adapted image
analysis approaches to quantify microtentacle number, microtentacle tip distance,

and their dynamics.

3.3 Results

As the study of circulating tumor cells progresses, there is a growing need
for techniques to analyze such unattached cells. We have previously shown that
tethering suspended cells is an effective technique for studying non-adherent tumor
cells [133]. The tethering technique attaches a small part of the cell’s membrane to
a surface while allowing the cell to retain its non-adherent characteristics. Here, we
added metrics to previous techniques further validating the benefits of cell tether-
ing quantitatively as well as demonstrating the geometric dynamics in response to

tubulin targeting drugs for tethered cells.

3.3.1  Anisotropic Filter allows us to capture outline of microtentacles

To test the ability of our image analysis to detect microtentacles, we used
MDA-436 cells, a mesenchymal triple-negative cell line with a high metastatic po-
tential known to form microtentacles. In order to compare free-floating cells with

tethered cells, microfluidics chambers were prepared with 2 different surface treat-
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ments. For free-floating cells, microfluidic chambers were coated with pluronic F-
127, a generally cytophobic coating to prevent cell attachment. For tethered cells,
microfluidic chambers were coated with a cytophobic polyelectrolyte multilayers
(PEMs) followed by a lipophilic coating of DOTAP to engage the lipid membrane
while maintaining free-floating cell behaviors (Figure 3.1 A) [133].

Combining several existing image analysis techniques, we devised a framework
optimized for finding both the McTNs and cell body. There currently exist im-
age analysis techniques that are optimized for attached globular shapes as well as
techniques for stress fibers [134,135]. Thus, we combined the most apposite pieces
of previously developed image analysis techniques, tailored, and adapted them to
finding full cell outlines that included McTNs. The most critical step for better ex-
traction of the faint, hairlike structures of McTNs was convolving the images with
a rotating anisotropic filter, taking the output of the rotating anisotropic filter, and
repeating the rotating anisotropic filtering for several iterations prior to thresholding
(Figure 3.1 B). Using our image analysis protocol, we were able for the first time
extract pertinent attributes of suspended cells including full cell outline, cell body

outline, and McTN tips (Figure 3.1C).
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Figure 3.1: A. Lipid tethering and Image Analysis Techniques allows us to obtain morpho-
logical attributes quantitatively. A. Lipid Tethering Schematic picturing Ibidi microfluidics
chamber wells (i) coated with alternating coats of lipophilic and cytophobic polyelectrolyte
multilayer (PEMs) (ii) allows circulating tumor cells to attach to lipid tethers (iii). B. Image
analysis methods for full cell outline enhance microtentacle visualization by taking the max-
imum intensity profile of 5 stack z-projection for a particular time point (i) and undergoing
several iterations of anisotropic filtering (ii) before thresholding the results into a binary image
(iii). C. Attributes derived from image analysis consists of outline of the full cell including mi-
crotentacles (i), outline of the cell body’s boundaries excluding microtentacles (ii) and tips of
microtentacles (iii) derived from maximum local curvature of skeletonization of full cell outline
(scalebar = 10um).
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3.3.2  Tethering prevents cells from drifting and improves visualization
of microtentacles

Previous research demonstrated that tethered cells stay attached to the surface
after several washes better than free-floating cells [133]. In this study, image analysis
techniques allowed us to visualize drift of individual suspended and free-floating
cells qualitatively by looking at the maximum intensity over time, overlays of cell
body boundary as a function of time, and overlays of the centroid of the cell body
boundary as a function of time (Figure 3.2A). Computing total distance traveled
by cell body centroid, we demonstrated quantitatively that free-floating cells have
significantly more lateral drifting than tethered cells (Figure 3.2B) where t-test p-

value was 9.02e-15 and ks-test p-value was 5.5276e-09.
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Free-floating

Tethered

Figure 3.2: Measurements of lateral cell drifting compare free floating cells to tethered cells. A.
Time projection profile of maximum intensity z-stacks for Free-floating cells (top) and Tethered
Cells (bottom). Overlays of cell body outline (ii) from initial (blue) to final (red) time points
for Free-floating cells (top) and Tethered Cells (bottom). Centroid of cell body (iii) from initial
(blue) to final (red) time points for Free-floating cells (top) and Tethered Cells (bottom). B.
Average total distance traveled by centroid of cell body for free-floating cells is greater than
tethered cells. Horizontal bar represents average across cells; shaded area, SEM; and individual

dots, mean per cell (scalebar = 10um).
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Using binary cell body image results from image analysis, the average cell
body area over time across all cells and cell body area variance per cell across time
was computed. Results showed that cell body area of free-floating cells was slightly
smaller than tethered cells but not significantly with a t-test p-value of .14 (Figure
3.3B). Because all z-stacks were centered at the largest part of the cell, the slightly
larger cell body area for tethered cells may indicate that free-floating cells were also
drifting vertically to smaller cross-sectional cell areas in the z-plane (Figure 3.3A).
Furthermore, free-floating cells had a significantly higher variance (ks-test p=.0496)
in the cell body area which further substantiated that the cells were moving slightly

out of plane along the z-axis (Figure 3.3C).
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Figure 3.3: Measurements of cell body attributes for Free-floating and tethered cells. A.
Schematic of cell’s cross-sectional Area at different z-planes. Cross-sectional area is largest,
when the slice crosses the center. B. Average cell body cross-sectional area of free-floating and
tethered cells has no significant difference p=.14. C. Variance of cell body area over time for
free-floating and tethered cells ks-test p=.0496. Horizontal bar represents average across cells;
shaded area, SEM; and individual dots, mean per cell
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We extended our image analysis technique to capture quantitative Mc TN met-
rics for both tethered and free-floating cells. From our image analysis code, we es-
timated McTN length by measuring the distance of the McTN tip from the nearest
cell body boundary point. We found that tethered cells have a larger distance of
McTN tip from cell body boundary than free-floating cells with a t-test p-value .02
(Figure 3.4A). Another way we measured total McTN phenotype was by taking the
ratio between the full cell perimeter and the cell body perimeter; this allowed us
to compare McTN perimeter, while normalizing by cell size. Tethered cells exhib-
ited a higher ratio of full cell perimeter to cell body perimeter than free-floating
cells (t-test p= 8.9944e-06) suggesting that tethering allows one to better capture
McTNs than the free-floating technique (Figure 3.4B). For the interpretation of this
analysis we assume that the average McTN length and number should be the same
for tethered as for free-floating cells. While this is consistent with prior published
work, prior studies did not have the accuracy of our quantitative analysis. Thus we
plan to carry out manual analysis on the images to support this assumption more

carefully.
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Figure 3.4: Statistics of Free floating verses Tethered Cells metrics suggest that tethered cells allow better
visualization of microtentacles. A. Average distance of microtentacle tips from cell body boundary for
free-floating and suspended cells (p=0.02). B. Average ratio of Perimeter of the full cell outline to cell
body outline for free-floating and suspended cells (t-test p= 8.9944e-06). Horizontal bar represents average
across cells; shaded area, SEM; and individual dots, mean per cell.
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3.3.3  Image Analysis captures microtentacles qualitatively and quanti-
tatwvely of drug treatments

Once we determined that we were able to visualize and effectively quantify
more McTNs with the combination of cell tethering and image analysis, we used
tethered cells for systematic studies of McTN length and count. For our first analy-
sis, we selected drugs taxol and colchicine which have previously demonstrated the
ability to enhance or diminish microtentacles by respectively stabilizing or destabi-
lizing the microtubules that support McTNs. On tethered surfaces, we calculated
the attributes of cell body boundary, full cell outline, and microtentacle tips for
cells treated with the vehicle or 0.1% DMSO, 1 pug/mL taxol, and 125 uM colchicine
(Figure 3.5).

Deriving metrics from our image analysis attributes, we were able to quantify
statistically-significant differences for cells treated with vehicle, 1 ug/mL taxol, and
125 puM colchicine. Colchicine treated cells had significantly fewer McTNs than the
vehicle with an anova p-value of 0.0026 (Figure 3.6A). However, there was no signifi-
cant difference in the number of McTNs between vehicle and taxol treated cells (Fig-
ure 3.6A). Looking beyond McTN number per cell, the distance of the McTN tips
from the cell body boundary was significantly higher in taxol-treated cells compared
to vehicle-treated cells with an anova p-value of 0.0026 (Figure 3.6B). In addition to

the significant decrease in McTN number with colchicine, McTN tip distance was
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also significantly lower (anova p =0.0001)in colchicine treated cells than in vehicle
treated cells (Figure 3.6B). A cell may be perceived as having a stronger McTN
phenotype either by increasing the number of McTNs or by increasing the length of
McTNs. One way that we measured the aggregate McTN phenotype, was to multi-
ply the number of McTNs by the average distance of McTN tips from the cell body
boundary per frame per cell; in essence, the cumulative McTN tip distance within a
frame. Taxol-treated cells had a significantly higher (anova p= 0.0151) cumulative
tip distance compared to vehicle (Figure 3.6C). Colchicine treated cells, on the other
hand, had a significantly lower (anova p=0.0018) cumulative tip distance compared
to control (Figure 3.6C). An additional metric we utilized to measure overall McTN
phenotype was to take the ratio between the full cell outline and cell body outline;
this method has the advantage of including the entire length and curve of McTNs
unlike the cumulative tip distance metric, but was still normalized to the size of the
cell body. For the ratio of outlines metric (Figure 3.6D), we found that taxol treated
cells had a possibly higher ratio than vehicle (t-test p=0.0325 anova p=0.1318) while
colchicine had a lower ratio than vehicle (t-test p= 5.4288e-04 anova p<.0001). Cu-
mulative tip distance and ratio, were more robust than number or distance metrics

independently as demonstrated by the statistical separation (Figure 3.6C and D).
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Figure 3.5: Drug Panel shows all the Image analysis attributes for all 3 drug treatments. A. Max projection
of z-stack for MDA-436 cells treated with vehicle (i) is analyzed to find cell body boundary (ii), outline of
full cell, (iii) and tips of microtentacles (iv). B. Max projection of z-stack for MDA-436 cells treated with
1 pg/mL taxol (i) analyzed for cell body boundary (ii), outline of full cell, (iii) and tips of microtentacles
(iv) shows increase in microtentacles. C. Max projection of z-stack for MDA-436 cells treated with 125
pM colchicine (i) analyzed for cell body boundary (ii), outline of full cell, (iii) and tips of microtentacles
(iv) shows a decrease in microtentacles (scalebar = 10um).
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Figure 3.6: Measurements of microtentacle attributes for different drug treatments. A. Average number
of microtentacle tips for cells treated with vehicle, 1 pug/mL taxol, and 125 uM colchicine. B. Average
Distance of microtentacle tips from cell body boundary for cells treated with vehicle, 1 pug/mlL taxol,
and 125 pM colchicine. C. Average cumulative tip distance, calculated by multiplying total number of
microtentacle tips by the average distance of microtentacle tip from cell body per frame, is shown for cells
treated with vehicle, 1 ug/mL taxol, and 125 uM colchicine. D. Ratio of perimeters for full cell outline
to cell body boundary is shown for cells treated with vehicle, 1 pg/mL taxol, and 125 uM colchicine.
Horizontal bar represents average across cells; shaded area, SEM; and individual dots, mean per cell.
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3.3.4  Dynamic analysis of morphology measures stability of drug treat-
ments

Having a technique to identify our attributes, allowed us to measure dynamic
fluctuations in response to drug treatment. Plotting cumulative distance traces
as a function of time for each individual cell, we observed that some cells have
more fluctuations in the cumulative tip distance than other cells (Figure 3.7A). The
mean cumulative distance for each drug treatment as a function of time, however,
was relatively stable suggesting a normal distribution (Figure 3.7A). In order to
measure the fluctuations, the autocorrelation coefficient of cumulative tip distance
was computed for different time intervals apart: 10 seconds, 20 seconds and 30
seconds. The data showed that up to 30 seconds apart, cells treated with taxol and
colchicine had less fluctuations than the vehicle for cumulatie tip distance (Figure
3.7B). Consistent with the autocorrelation coefficient of cumulative tip distance, the
autocorrelation coefficient of the ratio of full cell outline to cell body outline showed
less fluctuations in cells treated with Colchicine compared to control as far as 30
seconds apart. For Taxol treated cells, the autocorrelation coefficient showed less

fluctuations than control as far as 10 seconds apart.
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Figure 3.7: Dynamic behavior is assessed by analyzing cumulative tip distance and the ratio
of full cell perimeter to cell body perimeter. A. Time traces or cumulative tip distance for
individual cells cells treated with vehicle (i), 1 pg/mL taxol (ii), and 125 pM colchicine(iii).
Bold time trace is average cumulative tip distance over all individual cells. B. Fluctuations
of cumulative distance is shown by computing the autocorrelation coefficient at time lags
0 to 30 seconds for cells treated with vehicle, 1 pg/mL taxol, and 125 uM colchicine. C.
Fluctuations of Ratio between full cell outline and cell body boundary is shown by computing
the autocorrelation coefficient at time lags 0 to 30 seconds for cells treated with vehicle, 1
pg/mL taxol, and 125 uM colchicine.
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3.4 Discussion

Even with the recent advances made in CTC isolation, the small quantity of
cells isolated may be as little as 1-10 CTC/mL of blood [129]; this presents major
limitations on which downstream analysis techniques are feasible. Desirable analysis
techniques like flow cytometry can require as many as 10,000 cells for statistically
relevant results. Furthermore, CTC-derived patient xenografts (CDX) have had a
very low success rate [136]. Currently, the only FDA approved technique for ana-
lyzing CTCs is CELLSEARCH. Unfortunately, CELLSEARCH can only enumerate
cells and requires fixation; thus, limiting parallel and downstream analyses. Our
technique demonstrates the ability to yield statistically significant results with as
few as 19 cells without killing the cells, potentially enabling downstream or parallel
cancer assays.

Current techniques for McTN analysis require double-blinded studies where
the researcher tediously counts the McTNs by hand. Such techniques are time-
consuming and potentially lack uniformity. For the first time, we are able to evaluate
McTN number automatically and systematically. We introduce multiple quantita-
tive measurements of cell phenotype such as distance of McTN tip from cell body
and number of McTNs. Previous research based on qualitative assessment of positive
or negative McTN phenotype concluded that taxol appeared to increase mostly the

length of McTNs and a combination of latrunculin and taxol appeared to increase
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the number of McTNs [59,96]. In this study we were able verify quantitatively that
taxol increases the McTN behavior by specifically increasing the length of existing
McTNs rather than number of McTNs in general. Such distinctions may pave the
way towards determining whether an increase in the number of McTNs or the length
in McTNs is more likely to increase CTC reattachment.

The most promising techniques for determining targeted, personalized thera-
pies include using patient derived xenografts (PDX) and circulating tumor DNA or
ctDNA [136]. However, in patients where the primary tumor is too small, PDX is
not always an option. PDX has a highly variable success rate ranging from 23-75%
depending on tumor types; for breast cancer specifically, 23% [137,138]. Thus, the
PDX model has a high risk of losing precious patient samples and not gaining any
information. Additionally, the PDX model can take up to 6 months to establish and
2 years for a complete drug study. ctDNA, on the other hand gathers tumor DNA
from the bloodstream and has the advantage of being noninvasive. While ctDNA
analysis can predict drug resistance in some patients, the prediction is purely correl-
ative. The tethering and image analysis technique allows us to quickly and directly
test drug response.

For the first time ever, we were able to estimate morphological stability by
measuring the autocorrelation coefficients of metrics for total McTN phenotype.
The lower fluctuations in drug treatments of our autocorrelation results suggest that
morphological stability is consistent with biochemical stability. Previous research
shows that cells from EMT-induced cell lines have more McTNs, higher reattachment

rates and embed themselves into endothelial cell layers. [37]. Cell lines rich in
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McTNs due to tau-induced microtubule stabilization trap more efficiently in the
lung capillaries of living mice [59]|. Neither McTN dynamics of metastatic cells lines
has been analyzed yet, nor whether cells treated with McTN stabilizing drugs are
more likely to get stuck in the capillaries. While cells with more McTNs have higher
reattachment, less dynamic McTNs may suggest cells are less able to extravasate
through endothelial cells and out of the bloodstream. Future work should explore
whether drug induced McTN cells that form less dynamic McTNs are more likely
to get trapped in the capillaries of distant tissues in vivo, as well as whether the
McTNs are more or less dynamic in different breast cancer subtypes or different
stages of metastatic progression.

The ability to automatically and quantitatively compare circulating tumor
phenotypes has potential applications in improving basic understanding of the role of
McTNs mechanism and reattachment, studying patient CTCs, and perhaps selecting
appropriate drug therapies for patients. Measuring McTNs is a fast assay that may
give insight to cancer progression and drug response without the complications of

culturing cells like PDX’s which can take up to 2 years for a drug study.

3.5 Materials and Methods

3.5.1 Cell Culture

Human MDA-MB-436 cells derived from a metastatic pleural adenocarcinoma

were obtained from the American Type Culture Collection were used for all experi-
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ments. Human MDA-MB-436 cells were selected as a cell model for metastatic po-
tential and presence of microtentacles [96]. MDA-436 cells were cultured in DMEM
media containing 10% Fetal Bovine Serum and 1% penicillin /streptomycin. Cells
were detached from cell culture plates at a minimum of 80% confluency using trypsin.

For drug treatments, all reagents were obtained from Sigma Aldrich and con-
centrations were based on previous studies. For microtubule stabilization, 1.2 uM
Taxol was administered, and previous studies determined cell viability using XT'T,
CellTiter 96, and PARP assays [40, 46,52, 133]. For microtubule destabilization,
125 uM Colchicine was administered, and previous studies determined cell viability

using CellTiter 96 and PARP assays [40,52].

3.5.2  Free Floating Cells

For the experiments involved in suspended free floating cells, ibidi microfluidics
chambers were coated with 1% pluronic F-127 solution for 30 minutes. Cells were
treated with a 1:10,000 dilution of CellMask-Orange (Life Technologies) membrane
stain in order to visualize microtentacles. Next, cells were treated with the vehicle
or a drug treatment of 1 ug/mL taxol or 125 uM colchicine. A 150 pL sample of
treated cells was added to each ibidi channel at a concentration of 30,000 cells per
channel. Cells were incubated at 37C to allow absorption of Orange mask and drug

treatment for 30 minutes prior to imaging.
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3.5.3  Tethered Cells

For tethered cell experiments, cytophobic polyelectrolyte multilayers (PEMs)
deposited on microfluidic substrates were used to prevent tumor cell adhesion, and
the addition of lipid moieties to tether tumor cells to these surfaces through in-
teractions with the tumor cell membranes (Figure 3.1A). Cells received the same

treatment of Cell-Mask Orange and drugs as free floating cells.

3.5.4  Confocal Microscopy

All imaging was conducted on an Olympus FV-1000 confocal at a 60x magnifi-
cation. For videos of suspended cells, a set of five 0.5 pm/slice z-stacks were imaged
every 6.5 seconds for a total time series of 20 z-stacks. For tethered cells, z-stack
slices were 1 pum thick and stacks were imaged every 10 seconds. In all cases, the

middle z-slice was calibrated along the z-axis to where the cell appeared largest.

3.5.5  Image Analysis

For each time point, a max intensity image of each z-stack was computed, all
further processing was derived from max intensity images (Figure 3.8). Outlines
for the cell-body and full-cell were computed separately. Cell-body outlines were
identified by using image analysis methods published previously [134].

In order to get clear outlines of the microtentacle features, we modified and
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combined previously published image analysis techniques optimized for cell shape
along with techniques optimized for stress fibers by using a rotating anisotropic
filter [134,135]. Consequently, analysis for full cell outlines processed and optimized
parameters for 3 distinct cellular regions separately: microtentacles, bright cell-
body border and globular base of protrusion region, and the cell center. The full
cell outline was derived from a binary image comprised of the 3 distinct analyses.
(Figure 3.9).

Due to the fact that tentacle features were significantly dimmer than the cell
body and filamentous rather than globular, the first analysis was optimized specif-
ically for the McTNs. First, a 2 x 2 median filter was applied to the maximum
z-projection per time-point in order to give a very fine-featured, localized smoothing
optimized for approximately half the width of microtentacles (Figure 3.10A). Follow-
ing, the output underwent and initial rough convolution with a rotating anisotropic
filter that will be described in more detail below (Figure3.10B). After the initial it-
eration of rotating anisotropic filtering was applied, contrast adjustment algorithms
in matlab were optimized to make the protrusions rather than cytoplasm uniformly
white (Figure 3.10C). Additionally, to specifically extract the microtentacle features,
the output underwent another iteration of rotating anisotropic filtering; multiple
iterations of the rotating anisotropic filtering were repeated using the combined
output of the previous series of filtering.(Figure 3.10D) [135]. The 60 anisotropic
filters consisted of convolving a Laplacian with a 60 Gaussian kernels at different
angles (Figure 3.11). The contrast adjusted image (Figure 3.10C) is convolved with

anisotropic filters at 60 different angles (Figure 3.12). Each individual anisotropic
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filter emphasizes alignment along a different angle (Figure 3.13). Next, the max
projection of all 60 anisotropic filter results was computed and another pass of con-
trast adjustments (Figure 3.13). The image underwent several iterations of rotating
anisotropic filtering followed by compiling them. Finally, the resulting anisotropic
results was linearly multiplied with the initial rotating anisotropic results before the
contrast was adjusted again and then thresholded (Figure 3.10E and F) Because
the rotating anisotropic filter selects preferentially for line-like features occasionally
truncating, rather than intersecting with the cell body or potentially incorrectly
biasing cell-body curvature near the base of the protrusion, a second analysis opti-
mized for features including and near the cell body boundary was conducted inde-
pendently. For this second region, the initial image underwent a matched filtering
technique originally designed for retinal segmentation (Figure 3.9B) [139]; this tech-
nique showed preference for the base of the protrusions. The retinal segmentation
technique was image multiplied with the initial anisotropic filtering results prior to
being inputed into the previously establish local, global curvature technique [134].
Lastly, to prevent the analysis optimized for tentacles from creating an annular out-
line, a rough estimate of the cell center was computed by using the matlab built
in function of imfilter to blur the image, thresholding, and then using matlabOs
bmorph to remove any spuring and erode shape to prevent it to contributing to cell
outline information (Figure 3.9C). Cell center analysis did not require any contrast
optimization. Once all 3 analyses were complete, results were added together for a
composite binary image (Figure 3.9D) and cleaned of debris (Figure 3.9E). Finally,
the composite binary image was inputted into an active contour algorithm as an
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initial estimate (Figure 3.952F).

Once the outline of the full cells perimeter was computed, the tips were com-
puted by skeletonizing the binary microtentacle image. From the images’ skeletons,
tips were selected by locating the coordinates of maximum local curvature.

Attributes derived from image analysis consist of microtentacle inclusive out-
line of the full cell, outlines of the cell body exclusively, centroid of cell body, and
the tips of the microtentacles. From these attributes, measurements of microtenta-
cle behavior were derived including, area of the cell body, variance in the cell body
area, total distance traveled by the centroid of the cell body boundary, ratio of the
perimeter of the full cell perimeter to the cell body perimeter, distance of micro-
tentacle tips from cell body perimeter, number of microtentacle tips. Additionally,
cumulative tip distance was measured by multiplying the number of microtentacles
by the average distance of microtentacle tips from the cell body boundary per frame

per cell. All attributes and metrics were computed in matlab.
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5 z-slices 1 um/slice

Figure 3.8: Max Intensity of z-projections. For the 5 z-slices at each time point (top), a max
intensity image of each z-stack was computed (bottom).
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P P microtentalces

Figure 3.9: Full cell outline is the composite of analyses optimized for 3 distinct cellular regions.
A. Binary image results for algorithms optimizing for fine featured tentacles. B. Binary image
results for algorithms optimizing for globular features. C. Binary image results for computing
a rough cell center. D. Binary image composite of 3 binary results from different cell regions.
E. Binary image composite cleaned of debris. F. Outline overlay of final results on initial image
includes microtentacles.
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MCcTN preprocessing

Initial median Initial Contrast adjustment
filtering Anisotropic filtering

Mctn filtering Linear multiply with Contrast adjustment
(multiple anisotropic filters) initial anisotropic filtering

Figure 3.10: Results of processing steps optimizing for fine featured tentacles. A. Median
filter was applied to the maximum z-projection results B. Results from first convolution with a
rotating anisotropic filter routine called ‘pixelalign’ C. Contrast adjustment results optimizing
contrast for fine featured tentacles D. Results from multiple iterations of a rotating anisotropic
filter. E. Results from linear multiplication between intial and final rotating anisotropic filter
results. F. Final contrast adjustment results prior to thresholding.
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Laplacian 60x line kernel with Gaussian

Figure 3.11: Computing rotating Anisotropic filter. A Laplacian kernel (top left) is convolved
with 60 Gaussian line kernels (top right) at 60 different angles to get 60 different Anisotropic
filters.
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Convolved Image
Result

Figure 3.12: Rotating Anisotropic filter. The contrast adjusted image (top left) is convolved
with the 60 different anisotropic filters (top right) resulting in 60 filtered results biased at
different angles (bottom right).
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N=30/60 N=60/60

Max Composite Composite imadjust

Figure 3.13: Composite rotating Anisotropic filter results. A. Results of Anisotropic at different
angles B. Maximum of composite of anisotropic results C. Contrast adjustment results of
anisotropic filtering.
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3.5.6  Metrics and Dynamics

To better understand the dynamics of the cells, the fluctuations of the cumu-
lative tip distance and ratio of full cell perimeter to the cell body perimeter as a
function of time, was measured by computing the autocorrelation coefficient in 10
second increment lags 0 to 30 seconds. Autocorrelation code was written in matlab.

All dynamic measurements were only conducted on tethered cells.

3.5.7 Statistics

All statistical analysis was implemented in MATLAB. Determination of normal
distribution was calculated by measuring skewness and kurtosis where any distribu-
tion of normal with a skewness of +2 or kurtosis 0-6 was considered close enough
to normal to apply standard statistical analysis. To measure p-values between two
conditions (ie free-floating vs tethered), the built in MATLAB ttest2 was used; for
comparing across multiple conditions, ANOVA analyses were implemented. In the
event of a non-normal distribution, an additional Kolmogorov-Smirnov (ks-test) was

conducted to compare 2 conditions.
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Chapter 4: SUMMARY AND FUTURE DIRECTIONS

4.1 Summary and Discussion of Results

Prior to the work outlined in my thesis, the only existing techniques for mea-
suring McTNs consisted of making use of double-blinded studies where the evaluator
scored samples for the absence or presence of McTNs. Additionally, no McTN stud-
ies had quantified the microtubule protrusions in attached cells under actomyosin
cortex perturbations. Lastly, no studies had measured morphological fluctuations

of McTNs under tubulin drug perturbations.

4.1.1 EBI Results

In chapter 2, I showed that manipulating the actin cortex changes the growth
dynamics of microtubules in attached cells. I demonstrated that particle tracking
algorithms could successfully be adapted to biological EB1 tips. Results support
the hypothesis that the actomyosin cortex acts as a barrier. When the actomyosin
barrier is removed by latrunculin or severed via Y-27632, EB1 tips are allowed
to move further beyond the cell body boundary compared to control as measured
both by average distance from the cell body boundary and percent of EB1 tips

outside the cell body boundary. EBI1 trajectories move slower outside the cell body
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boundary compared to inside the cell body boundary across control and all drug
treatments suggesting that the membrane is the larger inhibitor of speed. Speed
of EB1 trajectories in Blebbistatin treated cells move the slowest across all regions.
Due to the fact that in attached cells there is a protrusive force outward as the result
of actin polymerization [116], this may outweigh the inward contractile force of actin
for attached cells. Lastly, EB1 tips in cells treated with Blebbistatin move the least
straight followed by those treated with Latrunculin. EB1 tips in cells treated with
Blebbistatin and Latrunculin also move more slowly.

As demonstrated by the speed of the EB1 tips beyond the cell body bound-
ary, membrane tension most likely places a significant force on microtubule growth.
It would be interesting to repeat the above experiments and decrease the mem-
brane tension using sucrose. Decreasing the membrane tension should theoretically
increase the ability of EB1 tips to move beyond the cell body boundary for con-
trol and Blebbistatin treated cells. Additionally, a reduction of membrane tension
should increase the overall speed and straightness of EB1 trajectories in Latrunculin-
A. Similar experiments have been conducted to study the effect of membrane tension
on clathrin polymerization, where decreasing the tension either by micropipette as-
piration or sucrose solution increased clathrin polymerization [140]. Another study
shows that decreasing membrane tension in migrating cells results in loss of polar-
ity and more spread out cells; additionally increasing membrane tension caused a
decrease in actin polymerization [141].

Finally, some additional considerations should be discussed regarding the lim-
itations of the drug treatments. First, imaging the GFP tagged EB1 tips required
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exposure to blue light and research has shown that blue light exposure can inacti-
vate Blebbistatin in in vitro cells [142]. Thus, the efficacy of Blebbistatin treatments
may have had a limited effect on the cells. On the other hand, because these studies
were conducted on a confocal microscope, blue light exposure was confined to a
small area of the cell at a time and for a maximum total exposure of only 2 minutes,
so diffusion may have maintained continued drug exposure. Also, Y-27632 has some
off-target effects like inhibiting PRK2, a kinase involved in cell to cell adhesion [143].

It is unclear how PRK2 inhibition would impact the above results.

4.1.2  Suspended Cells

In chapter 3, I show that manipulating tubulin stability manipulates McTNs
geometry and dynamics. Successful analysis techniques were developed for analyz-
ing the full outline of cells including McTNs. Results show that tethering cells does
not significantly alter McTN length; however, tethering allows visualization of more
McTNs than the free-floating method. It is worth noting, however, that the com-
plete absence of attachment in free-floating cells may increase the contractility of
the actomyosin cortex which could also conceivably repress McTNs [82,83]. Stabiliz-
ing tubulin by using Taxol treatment significantly increases the distance of McTNs
tips from the cell body, and destabilizing tubulin using Colchicine treatment signifi-
cantly decreases distance of McTNs tips from cell body. In order to measure overall
McTN morphology, I proposed using 2 composite McTN metrics: cumulative tip

distance of McTN tip from cell body boundary and the ratio of the full cell outline
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to the cell body outline. Both metrics measure an increase in McTN phenotype
for Taxol treated cells compared to control and a decrease in McTN phenotype for
Colchicine treated cells when compared to control. All results are consistent with
the model where an increase in tubulin stabilization enhances the ability for micro-
tubule protrusions to move beyond the cell body boundary and the converse results
for microtubule destabilization. Based on EB1 study above, the average distance
of microtubule tip from the cell body boundary in attached cells is 1.6158 pum=-.08
compared to 2.2907 pm=.13 in tethered cells. This is consistent with the hypoth-
esis where a lack of traction force in suspended cells decreases the ability of actin
polymerization to push the plasma membrane outward; thus, allowing the plasma
membrane to deform more easily around the microtubule protrusion.

In my experiments looking at suspended cells, I also measure morphological
dynamics and find that both drug treatments Taxol and Colchicine cause less mor-
phological fluctuation compared to untreated cells. These results may have impli-
cations for how CTCs reattach; previous research studies show that Taxol increases
reattachment in impedance assays [40]. However, CTCs in vivo have the additional
hurdle of getting through an endothelial layer of cells. It is plausible that McTNs
might require a requisite amount of flexibility and motion in order to push McTN
protrusions between endothelial cells.

A conceivable next step, might be to conduct the same dynamics measure-
ments on tethered cells with the same actomyosin targeting drugs discussed in the
EB1 experiments. I would propose that for all drug types (Latrunculin-A, Bleb-
bistatin, and Y-27632), there would most likely be an increase in the length of
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McTNs, and that Latrunculin-A with its complete lack of actomyosin cortex may
additionally increase the total number of McTNs. Results may have interesting
implications if the morphological fluctuations in drug treated cells increase or are
comparable to control conditions. I expect that while stabilization of microtubules
may decrease morphological fluctuations, destabilizing the actomyosin cortex would

preserve fluctuations if not increase them.

4.2 Future Directions

4.2.1 Effects of Cancer Relevant Mutations

Work from my thesis demonstrates changes in microtubule dynamics as a
result of drug treatment. A natural next step would be to make the same mea-
surements but expand from drugs to genetic modifications. Here, I propose us-
ing 4 different genetic modifications spanning a spectrum of different cytoskeletal
states and metastatic capabilities. The parental line used as control for these ex-
periments is MCF10A; MCF10A is a non-tumorgenic mammary epithelial cell line
well-established in the literature as a model for normal breast cell behavior [144].
The genetic modifications would include MCF10A with a patient mutation in the
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha or PI3CA;
MCF10A with tumor suppressor gene pten homogenously knocked out (PTEN-/-);
and MCF10A with the transcription factor twist overexpressed. These choices of

cell lines will serve as an in wvitro cell line model that separates, non-tumorgenic
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(control), invasiveness (PIK3CA-H1047R), McTN formation (pten -/-), and cancer
stemness (twist).

In terms of McTNs, MCF10As form few McTNs. It has been shown that
MCF10A pten(-/-) exhibits McTNs, while MCF10A PIK3CA produce very few
McTNs [41]. MCF10As overexpressing twist have not been tested for McTN pres-
ence, but McTNs are expected. Previous research demonstrates that ectopic ex-
pression of twist in MCF10As induces cancer stemness [145]; also, overexpression of
twist in another non-tumorgenic breast cancer cell line HMLE induces McTNs [37].

Within the mechanical framework of McTNs, stronger more stabilized micro-
tubules contribute positively to McTNs, while weaker tubulin contributes negatively.
Glu-tubulin has a long persistence time, slow turnover rate, and is potentially an
important indicator of McTN formation [51,59,146|. Of the 4 cell lines, MCF10A,
pten(-/-), and PIK3CA-H1047R are known not to have high levels of glu-tubulin;
however, MCF10A cells transfected with twist are expected to have higher levels of
glu-tubulin based on experiments that use other cell lines transfected with twist [37].
Expression of vimentin is another potential indicator of microtubule strength and
is known to colocalize and align with glu-tubulin [42| which may help stabilize the
McTNs. Furthermore, in the clinical scope vimentin has been identified as a marker
for breast cancer cells more likely to metastasize [42]. Based on previous research
in the Martin lab, only the cell line MCF10A with PIK3CA-H1047R of the 4 cell
line models is known to express significant levels of vimentin; we hypothesize that
MCF10A with overexpression of twist will also express significant levels of vimentin
based on research of other cell lines overexpressing twist [37]. The vimentin contri-
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bution to McTNs formation is not completely clear, however. From rheological in
vitro studies, a direct interaction between actin and vimentin has demonstrated a
stiffer actin network [147]; this would contribute negatively to McTN formation and
may explain why there are less McTNs in the case of PIK3CA mutation.

The second half of the mechanical framework of McTNs, is the actomyosin cor-
tex where a more contractile actomyosin cortex contributes negatively to McTNs and
a weak actomyosin cortex contributes positively to McTNs. There are 4 main ways
to weaken the actomyosin network: either by cutting actin filaments, depolymer-
izing actin, weakening actin crosslinking, or weakening myosin-based contractions.
As demonstrated in my EBI research, removing the actomyosin cortex network as
opposed to weakening it has distinctly different growth dynamics. Cofilin, for ex-
ample is an actin severing protein that would be expected to weaken the actomyosin
cortex [148]; The only cell line known to contain high levels of activated cofilin is
MCF10A pten(-/-) cells (See Figure 4.1). Another important consideration of the
actomyosin cortex is the myosin light chain; the myosin head binds to the actin
filaments and allows the actomyosin cortex to contract. Currently, we don’t have
direct information about the myosin light chain’s activation state, but based on the
presence or absence of McTNs described above, we have formed hypotheses of the
myosin light chain’s activation state. Myosin light chain is predicted to contribute
to a tighter more contractile actin cortex in MCF10A cells with PIK3CA mutation
and twist. For MCF10A control cell line, myosin light chain is predicted to be
contractile but significantly less contractile than cells with PIK3CA mutation and

twist. Lastly, myosin light chain is expected to cause a loose and non-contractile
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actin network in MCF10A pten(-/-) (See Figure 4.1).

Based on all the above information, we hypothesize a positive or negative
contribution of the actin cortex state and microtubules towards McTN formation
(See Figure 4.1). Using this qualitative model, we hypothesize whether McTN
formation is driven more by stable tubulin or weaker actin. For MCF10A, the
actin cortical tension and microtubules counteract each other, so very few McTNs
form. For MCF10A pten(-/-), the microtubule behavior is normal, but the absence
of strong actin cortical tension results in McTNs. For MCF10A PIK3CA-H1047R
cells, the vimentin aligns with the microtubules potentially making things stiffer,
but vimentin interactions with actin can also make for a stiffer network; thus, actin
and microtubule interactions still cancel each other out. For MCF10A with twist
overexpression, the glu-tubulin in the microtubules drives the cell to form McTNs.

It is expected that since pten (-/-) cells have a looser actin network compared
to MCF10A cells, EB1 tips will move slower on average than MCF10A cells in a
manner similar to Latrunculin-A treated cells. EB1 trajectories in Pten (-/-) cells
might move slower near the cell body periphery due to the cell membrane acting
as a barrier. Different from pten(-/-), PIK3CA-H1047R mutation has an increased
expression of vimentin, but is also thought to have a stronger actomyosin cortex.
It is expected that EB1 trajectories in PIK3CA-H1047R activated cells move at a
slower speed and move less straight due to the actomyosin cortex acting as a barrier.
However, because of the potentially vimentin-stabilized microtubules, overall length
of trajectories may be longer. As twist-transfected cells are hypothesized to have a

weaker actin cortex but stronger tubulin growth due to the increase in glu-tubulin,
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EB1 trajectories are expected to move faster in both the bulk and cell-body periph-
ery of the cell compared to control cells. Cells transfected with twist are expected to
have slower moving EB1 tips in the cell body periphery, due to a more active actin
cortex. EBI tips in twist-transfected cells are also expected to move well beyond
the cell body boundary.

[ have conducted preliminary experiments for MCF10As, pten (-/-), and PIK3CA-
H1047R. Preliminary results demonstrate successful EB1 transfection and clearly
defined EBI1 tips. By doing a time average of the videos, we were additionally able
to see the 3 phenotypes qualitatively for EB1 trajectories (See Figure 4.2). Overall,

results look promising for EB1 tracking.
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Schematic of cytoskeletal phenotypes
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Figure 4.1: Different balances of forces between microtubules and actin cortex for 4 different
cyotoskeletal phenotypes where thicker lines indicate stronger force and dashed lines indicate
weaker force; red is actin, green is tubulin. Chart indicates state of each cytoskeletal component
based and overall mechanical contribution, where a ’-” indicates not present; '+, present; '+-++’
strongly present.
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pi3kCA

Figure 4.2: Live-cell confocal microscopy of EB1-GFP. (Top) Single image frame of EB1-GFP
transfected cells for all 3 conditions: mcfl0a, pten (-/-), and PIK3CA-H1047R. (Bottom) Mean
image across all 50 frames at time steps 2 seconds apart.

110



4.2.2  Direct Mechanical Measurements and Preliminary Optical Stretcher

Results

While the results presented in my thesis show changes in the ability of mi-
crotubules to move beyond the cell body boundary both by manipulating either
the actomyosin cortex or the tubulin stability, it does not measure direct material
properties nor integrity of the actomyosin cortex.

One way to measure actomyosin integrity more directly is to use an optical
stretcher to measure properties such as stiffness, deformability, and viscoelasticity.
The stretcher consists of two lasers with divergent optics facing each other; due
to the higher index of refraction on the inside of the cell, light loses momentum
when it exits the cell. The result is a uniaxial tensile force on the order of a few
hundred pN exerted on the cell [149]. Using rapidly acquired videos of the ‘stretch’
in combination with very robust edge-detection image analysis techniques, one can
deduce material properties of the cell. In 2012, I was able to collect preliminary
results from Josef Kas's lab in Leipzig Germany.

Preliminary results used Human Mammary Epithelial Cells (HMEC): one
GFP-expressing control (HMEC-GFP) and one which over-expresses twist (HMEC-
twist). Overexpression of twist has been shown to induce epithelial-to-mesenchymal-
transition (EMT) morphology and McTN formation [37]. Measurements consisted

of extracting outlines from 182 HMEC-GFP cells and 155 HMEC twist cells. Using
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code written by members Josef Kas’s lab in Leipzig Germany, the outline of the edge
of the cells at 152 time points over the course of 5 seconds were extracted. From the
outlines, the long axis along of the cell, or direction of stretch controlled for rotation
was computed. To compare across cell types and drug treatments, the rotationally
adjusted long axis was normalized or divided by the initial, relaxed state and set
to zero (by subtracting normalized relaxed state); the result is the relative, rotation
adjusted long axis measurement plotted as a function of time (Figure 4.3). Prelim-
inary results show that twist is more contractile than the control. This suggests
that McTNs are driven more by the stability of the MTs than the weakness of actin
cortex. One of the disadvantages of the optical stretcher is cell heating; thus, the
preliminary results shown above could also indicate that twist cells respond more

quickly to cytoplasmic heating.
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Long Axis as function of time for HMEC-GFP and HMEC-TWIST
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Figure 4.3: Optical Stretcher Results GFP vehicle vs Twist show the normalized, rotation
adjusted, relative long-axis results as a function of time. Twist appears to be stiffer or have a
more contractile actomyosin cortex.
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4.3 Outlook and Final Thoughts

The work outlined in my thesis is just the beginning of understanding the cy-
toskeletal behavior that gives rise to McTNs. With several emerging technologies on
the horizon, comes the promising possibility of further measuring and understanding
many of these mechanical questions. For example, there is now new microfluidics
stretcher that is even higher-throughput than the optical stretcher without several
of the technical challenges like heating the cells up [150]. Nanofabrication of PDMS
fabricated ridges may help better understand how CTCs sense the environment once
they attach [125]. Considering that currently many cancer drug therapies target the
cytoskeleton, better understanding of these mechanisms is of critical importance to
clinical therapies.

One interesting area of future work involves better relating cytoskeletal inter-
actions between attached and suspended cells mechanically. One valuable technique
that holds promise for assaying both suspended and attached cells is the aspirator
micropipette assays where a portion of the membrane is deformed under negative
pressure. Already micropipette assays have shown that that bone marrow-derived
mesenchymal stem cells (hMSCs) become stiffer on stiffer substrates where E; on
stiffer substrate was 155476 Pa and on softer substrates was 3546 [151]. An-
other study assayed suspended hMSCs and found viscoelastic solid behavior with a

Young's moduli for Ey and Eco to be 886 + 289 Pa and 372 + 125 Pa [152|. The
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trend of increased Young's moduli values for attached cells compared to suspended
cells is consistent with AFM and optical stretcher results [82,83].

The study of McTNs is a new area of cancer research and still has many
interesting questions remaining. Preliminary unpublished work in the Martin Lab
has found McTNs in fresh patient cells, but currently no other in vivo discoveries
of McTNS in other human systems have been observed. Previously, I discussed the
potential role of leukocytes in mediating CTC reattachment, it is currently unknown
whether immune cells have any interactions with McTNs, but it may be worth
exploring. Likewise, no studies have looked for receptors on the surface of McTNs
that may help mediate reattachment. Also, interesting unanswered questions that
may help us better answer the cytoskeletal interactions between microtubules and
the actomyosin cortex is the amount of force exerted by McTNs as well as McTN
stiffness.

Research on McTNs is at the forefront for improving understanding the role
of the cytoskeleton on reattachment in metastasis. Already, it is widely accepted
that changes in cytoskeleton play a critical role in cancer invasiveness. The vast
majority of the cancer invasiveness body of literature is limited to the migration of
attached cells though and not the reattachment of CTCs. Clinically, many of the
most common chemotherapies already target the cytoskeleton such as Vinblastine,
Paclitaxel, and Demecolcine. Given the potential for cytoskeleton alterations to
influence CTC reattachment, the implications of improving our understanding in
this underappreciated and poorly understood area of research is critical. The work

outlined in my thesis lays the foundation of building better analytical techniques
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to studying the balance of forces between microtubules and the actomyosin cortex
especially in suspended cells. Additionally, I present an organizing framework in
order to better understand cytoskeletal interactions and show preliminary results

supporting this model.
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