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Abstract
Integrin-linked kinase (ILK) is both a scaffolding protein and a serine/threonine
kinase that localizes to the focal adhesions. It interacts with the cytoplasmic domain of
the β1-integrin subunit and acts as a hub for the localization of several actin cytoskeletal
and signaling proteins resulting in the transduction of signals from cell-matrix
interactions and growth factors into the cell interior. These signaling cascades go on to
regulate important cellular processes such as cell migration, survival and proliferation.
ILK has a second cellular localization at the centrosomes, where it regulates mitotic
spindle organization and the interaction between ch-TOG, TACC3 and Aurora A, which
is important for their function in regulating microtubule dynamics and spindle
organization. However, the specific role of ILK's kinase activity, separate from a
possible scaffolding role, in spindle organization is unclear.
For this study, I attempted to characterize the spindle defect caused by QLT0267, a small molecule inhibitor that is highly selective for ILK kinase activity. Treatment
of HeLa cells with 10 μM QLT-0267 is known to result in a disorganized mitotic spindle
that appeared arrested in a prometaphase-like phenotype. Here, I show that QLT-0267
exposure resulted in an increase in tension across sister centromeres aligned between
two poles, suggesting a possible effect on spindle microtubule dynamics. Treatment
with QLT-0267 was also associated with slower microtubule regrowth after
depolymerization and the presence of a more stable population of microtubules in the
mitotic spindle as evidenced by higher levels of acetylated α-tubulin. To further assess
the role of ILK in regulating microtubule dynamics, the parameters of microtubule

ii

dynamic instability were measured in both QLT-0267-treated HeLa cells and ILK
overexpressing HeLa cells. QLT-0267 appeared to dampen microtubule dynamic
instability, while ILK overexpression enhanced it. ILK overexpression was also
associated with decreased sensitivity to paclitaxel, a chemotherapeutic agent that
stabilizes microtubule dynamics.
Taken together, the results suggest a role for ILK's kinase activity in regulating
microtubule dynamics. Finally, this study reports a novel mechanism of action for the
small molecule inhibitor QLT-0267, which dampens microtubule dynamics and should
be taken into consideration when designing future uses for the compound.
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Chapter 1. Introduction
1.1

Mitosis
Mitosis is arguably the most dramatic event to occur in a cell's life and is marked

by a series of major structural changes - reorganization of the cytoskeleton,
chromosome condensation, breakdown of the nuclear envelope, formation of the mitotic
spindle, and segregation of the sister chromatids. The goal of mitosis is to faithfully
segregate the duplicated chromosomes. This has to be performed with complete fidelity
because the completion of mitosis is irreversible and missegregation of whole
chromosomes leads to aneuploidy - a characteristic of malignant cells (Hanahan and
Weinberg, 2011).
Mitotic progression had traditionally been divided into stages based on gross
changes seen under the microscope over 100 years ago in the behaviour and structure
of the chromosomes and mitotic spindle. The first stage of mitosis occurs with
prophase, during which the replicated chromosomes undergo extensive condensation,
adherent cells start to round up and nuclear envelope breakdown (NEBD) is initiated.
The completion of NEBD marks the end of prophase and the beginning of
prometaphase. During prometaphase, the absence of the nuclear envelope allows the
spindle microtubules to interact with and attach to the chromosomes. Cells are
considered to be at metaphase once all chromosomes have aligned at the spindle
equator to form a metaphase plate. The two sister chromatids then separate at
anaphase and move towards the opposing spindle poles. In the last stage of mitosis,
termed telophase, the chromosomes start forming two daughter nuclei while
1

microtubules at the original spindle equator form a midbody and a cleavage furrow to
take part in cytokinesis.

1.2

Microtubule structure and dynamics
Microtubules and their inherent dynamic instability are the main workhorses of

the mitotic spindle machinery. These long, fairly rigid filaments provide physical strength
as a key component of the cell's cytoskeleton while serving as tracks for the intracellular
transport network. They also guide axonal growth and direction of cell migration.
Performing such diverse functions in response to extra- and intracellular cues requires
delicate regulation of both microtubule dynamics and the interactions with subcellular
structures like kinetochores and the cell cortex.
Microtubules are hollow, cylindrical polymers made up of α-tubulin and β-tubulin
heterodimers that associate linearly to form protofilaments (Figure 1.1A). Thirteen such
parallel protofilaments then associate laterally to form the hollow microtubule lattice
(Desai and Mitchison, 1997). The linear arrangement of the α and β tubulin subunits
results in the structural polarity of microtubules, with the β-tubulin subunits exposed at
the "plus" end (polymerizes faster), and α-tubulin subunits exposed at the "minus" end
(polymerizes slower) (Figure 1.1A). Both tubulin subunits are highly homologous, each
binding a guanine nucleotide (GTP), but the GTP is only exchangeable in β-tubulin and
not α-tubulin. The GTP bound to β-tubulin is hydrolysed to GDP shortly after
heterodimer addition to the microtubule lattice, resulting in a microtubule polymer that
contains mainly GDP-bound tubulin, with newly added heterodimers remaining bound to
GTP (known as a GTP "cap") (Figure 1.1B). GDP-bound heterodimers have a slightly
2

altered conformation compared to GTP-bound heterodimers and adopt a curved
protofilament conformation. Therefore, it is thought that the GTP "cap" constrains the
polymer and maintains the straight conformation necessary for microtubule assembly,
or growth. Conversely, the loss of the GTP "cap" results in outward curling of the
protofilaments and rapid microtubule disassembly (Figure 1.1B) (Hyman et al., 1995;
Mandelkow et al., 1991; Muller-Reichert et al., 1998). This transition between states of
growing and shortening is sudden and unpredictable, and is termed "dynamic instability"
(Billger et al., 1996; Joshi, 1998; Panda et al., 1994).

Figure 1.1 Schematic diagram of microtubule structure and microtubule dynamic
instability.
Reprinted from Molecular Cell, 15, Susan L Kline-Smith, Claire E Walczak, Mitotic
spindle assembly and chromosome segregation: Refocusing on microtubule dynamics,
317-327, 2004, with permission from Elsevier.
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A number of parameters are typically used to describe microtubule dynamic
instability. These include the rates of growth and shortening, the frequency of
catastrophe (transition from growth or pause to shortening), the frequency of rescue
(transition from shortening or pause to growth), periods of pause in which changes in
microtubule length have stopped, and "dynamicity", which describes the overall rate of
tubulin exchange (Toso et al., 1993). It should be noted that microtubules that appear to
"pause" under the microscope may actually still be growing or shortening at a very slow
rate, but these changes in length (<0.5 μm) cannot be accurately detected due to the
limits of resolution imposed by microscopy (Kamath et al., 2010).
The diverse functions of microtubules are achieved through similarly diverse
ways of regulation. These include interactions with various microtubule associated
proteins (MAPs) such as the dynein and kinesin motor proteins, and many microtubuleregulatory proteins like colonic and hepatic tumor over-expressed gene (ch-TOG)
(Spittle et al., 2000), mitotic centromere-associated kinesin (MCAK) (Maney et al., 2001)
and end binding 1 (EB1) (Ligon et al., 2003). In addition, different tubulin isotypes (6
forms of α-tubulin and 7 forms of β-tubulin in human) are expressed for different
functions at varying levels in different cells and tissues (Luduena, 1998). Further posttranslational modifications are also applied to these tubulins such as phosphorylation,
acetylation and detyrosination (Luduena, 1998).
Changes to microtubule dynamics are cell cycle dependent, as the interphase
microtubule network is dismantled at the onset of mitosis and replaced by spindle
microtubules that exhibit a 4-100 fold increase in dynamicity (Rusan et al., 2001; Zhai et
al., 1996). This dramatic change in dynamic instability can be attributed to modification
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and regulation by cell cycle-dependent phosphorylation of most microtubule regulatory
proteins (Cassimeris, 1999). In addition, the unique properties of microtubules make
them sensitive to depolymerization at low temperatures (Brinkley and Cartwright, 1975;
Wallin and Stromberg, 1995) and high calcium concentrations (Weisenberg and Deery,
1981). Again, the level of sensitivity depends on the factors that interact with the
microtubules, such as binding of microtubules to kinetochores, and certain tubulin
isotypes and post-translational modifications (Wallin and Stromberg, 1995).

1.3

Mitotic spindle assembly
The mitotic spindle is made up of microtubules, motors and other regulatory

proteins. It assembles around the chromosomes and is capable of capturing duplicated
chromosomes and segregating them to daughter nuclei in mitosis with stunning
precision. Highly dynamic microtubules are essential to all stages of mitosis, including
their timely and accurate attachment to kinetochores at prometaphase, the congression
of chromosomes to the metaphase plate, the synchronous separation of sister
chromatids at anaphase and the completion of telophase (Kline-Smith et al., 2005).
In the spindle, the microtubule minus ends are anchored at the duplicated
centrosomes that separate and move to opposite poles during prophase, while the plus
ends become attached to kinetochores as kinetochore-microtubules (kMT) or K-fibers
(Figure 1.2). The kinetochores are huge multiprotein complexes that assemble on a
particular locus of each DNA molecule called centromeres, and facilitate attachment of
chromosomes to spindle microtubules.

4

Figure 1.2 Schematic diagram of the components of the mitotic spindle.
Reprinted from Molecular Cell, 15, Susan L Kline-Smith, Claire E Walczak, Mitotic
spindle assembly and chromosome segregation: Refocusing on microtubule dynamics,
317-327, 2004, with permission from Elsevier.
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Figure 1.3 Schematic diagram of kinetochore-microtubule interaction in
prometaphase and metaphase.
(a) The kinetochore is first captured by the lateral surface of a single microtubule
extending from one of the spindle poles. (b) After being captured, the kinetochore is
transported along the microtubule towards the spindle pole. (c) During transport to the
spindle pole, both sister kinetochores become attached to microtubules emanating from
the same (upper panel) or opposite (lower panel) spindle poles. If both kinetochores
attach to microtubules from the same pole, re-orientation occurs until bi-orientation is
established. (d) Tension from microtubule pulling forces applied on sister kinetochores
from opposite poles result in alignment of chromosome at the metaphase plate.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell
Biology, 6(12):929-942, 2005
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How exactly do spindle microtublues become attached to kinetochores? The
earliest proposed model was the "search and capture" model, in which microtubules
randomly probe the three-dimensional space after nuclear envelope breakdown, and
become stabilized upon capture by kinetochores (Kirschner and Mitchison, 1986). This
model has since been verified using imaging experiments that observed the capturing of
chromosomes by elongating microtubules (Hayden et al., 1990; Tanaka et al., 2005).
The kinetochore is first captured by the lateral surface of a microtubule (rather
than at the tip) (Figure 1.3a), and is transported along the microtubule toward the
spindle pole by ATP-driven motor proteins such as Kar3 (a kinesin-14 family member)
(Figure 1.3b) (Tanaka et al., 2005). Unfortunately, the mechanism by which this lateral
attachment is converted to end-on attachment to the microtubule tip is currently unclear.
During transportation, the other sister kinetochore gets attached to microtubules
emanating from the same or opposite spindle poles (Figure 1.3c). Attachment of both
sister kinetochores to microtubules from the same spindle pole is known as a syntelic
attachment (Figure 1.4b), and requires Aurora B to correct it to an amphitelic
attachment (Figure 1.4c) (Hauf et al., 2003; Lampson et al., 2004). Bi-orientation of the
chromosome is achieved as tension generated from the opposing microtubules pulling
forces brings the chromosome in between both spindle poles. (Figure 1.3d).
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Figure 1.4 Schematic diagram of the modes of kinetochore-microtubule
interactions.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell
Biology, 6(12):929-942, 2005

However, it is now believed that the process of chromosome capture may not be
entirely random. Rather, microtubule dynamics in the vicinity of chromosomes is altered
by a RanGTP gradient and other associated proteins around chromosomes, leading to
more efficient kinetochore capture by microtubules (Wollman et al., 2005). Therefore, a
complementary model has been proposed that includes the centrosome-independent
pathway for spindle assembly. Chromosomes have been observed to capture short
microtubules that form in their vicinity (Witt et al., 1980), and the nucleation of these
8

microtubules is hypothesized to be promoted by the RanGTP gradient (Karsenti et al.,
1984). One of the proteins targeted by RanGTP is targeting protein for Xklp2 (TPX2).
During mitosis, TPX2 is bound to α and β importins, but RanGTP causes dissociation of
this complex and releases TPX2, which then plays a role in microtubule nucleation
around chromsomes(Gruss and Vernos, 2004). The short microtubules begin by
growing away from the kinetochore, and the distal end of the growing fiber subsequently
encounters and attaches to an astral microtubule that then directs it to the centrosome
(Maiato 2004).

1.4

Spindle assembly checkpoint
The accuracy with which the mitotic spindle segregates chromosomes is guarded

by the mitotic checkpoint, also known as the spindle assembly checkpoint (SAC). This is
an indispensable component of mammalian cells as the complete inactivation of SAC in
mammals leads to severe chromosome missegregation, cell death and embryonic
lethality (Dobles et al., 2000; Kalitsis et al., 2000; Kops et al., 2004; Michel et al., 2001).
However, it is interesting to note that the SAC is not essential for viability in some
organisms, such as yeast and flies (Buffin et al., 2007; Hoyt et al., 1991; Li and Murray,
1991). The SAC pathway is active in prometaphase and prevents premature sister
chromatid separation by monitoring kinetochore occupancy by microtubules (Musacchio
and Hardwick, 2002; Musacchio and Salmon, 2007; Taylor et al., 2004).
There has been a long-standing debate in the literature over whether tension or
occupancy is the signal that SAC responds to. It is now thought that attachment is
the only signal required by the SAC, as mounting evidence suggests that the SAC
9

allows exit from mitosis whether the chromosome attachments are correct or erroneous
(Khodjakov and Pines, 2010; Musacchio and Salmon, 2007). Instead, cells rely on the
Aurora B pathway to correct erroneous monotelic, syntelic and merotelic attachments
(Liu and Lampson, 2009; Nezi and Musacchio, 2009).
Components of the SAC were first identified in 1991 when two independent
screens found various genes whose mutations caused Saccharomyces cerevisiae cells
to bypass their ability to arrest in mitosis in the presence of spindle poisons (Hoyt et al.,
1991; Li and Murray, 1991). The genes include 3 MAD (mitotic-arrest deficient)
genes, MAD1,

MAD2 and MAD3 (also

known

as BUBR1 in

humans),

and

the BUB (budding uninhibited by benzimidazole) gene BUB1. Functionally, the SAC
targets

CDC20,

a

co-factor

of

the

ubiquitin

ligase

anaphase-promoting

complex/cyclosome (APC/C) (Hwang et al., 1998) and negatively regulates the ability of
CDC20 to activate further downstream effectors that lead to cleavage of the cohesin, a
complex that holds sister chromatids together (Figure 1.4). Mad1 and Mad2, two of the
SAC effectors (Sudakin et al., 2001), accumulate at unattached kinetochores and are
removed upon kinetochore occupancy for SAC inactivation. Interestingly, studies have
shown that a single unattached kinetochore is sufficient to provide negative feedback
and delay anaphase (Rieder et al., 1994).
In 1914, it was postulated by Boveri that chromosome missegregation might
cause tumor development (Boveri, 1914). Since then, most solid tumor cells have been
found to be aneuploidy (Heim, 1995). Chromosomal instability (CIN), the frequent gain
and or loss of whole chromosomes during mitosis, has also been found in various
cancer cell lines (Lengauer et al., 1997). One of the causes of the observed aneuploidy
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is likely to be a weakened or defective SAC (Kops et al., 2005), which has
been associated with the transformation process in tumors. For example, in one mouse
study, heterozygous loss of Mad2 resulted in a 27% increase in the frequency of
spontaneous tumour development (Michel et al., 2001), while in another, mice
heterozygous for BubR1 exhibited higher rates of tumorigenesis after carcinogen
treatment (Dai et al., 2004). Cahill et al. also demonstrated the presence of defective
spindle checkpoints in a large number of colorectal cancer cell lines (Cahill et al., 1998).
The inability to sustain SAC signaling, assayed by a reduced mitotic index after
long-term drug-mediated spindle disruption (Cahill et al., 1998; Ouyang et al., 2002;
Tighe et al., 2001; Wang et al., 2000), is a frequent feature of human tumor cells and
cell lines (Wang et al., 2000). While somatic mutations of checkpoint proteins have been
identified (Kops et al., 2005), they do not appear to be a common mechanism for
aneuploidization. Rather, it is more likely that various oncogenes and tumor
suppressors reduce the levels of checkpoint components to produce a weakened SAC.
Indeed, many tumour suppressor proteins have been shown to regulate the expression
levels of SAC genes (Kops et al., 2005). One such example is the regulation of
the MAD1L1 promoter by the p53 tumour suppressor, although the findings are
currently

contradictory

as

to

whether

p53

activation

increases

or

decreases MAD1L1 expression (Chun and Jin, 2003; Iwanaga and Jeang, 2002).

1.5

Paclitaxel: mechanism of action and resistance
The importance of microtubules to the process of mitosis makes them very

attractive targets for anticancer drugs. Among the most successful of these drugs is
11

paclitaxel, a complex molecule that was first isolated in 1967 from the bark of the Pacific
yew tree (Wani et al., 1971). The compound underwent slow development until the
surprising discovery, in 1979, that paclitaxel stimulated microtubule polymerization
(Schiff et al., 1979). Even then, clinical development was held back due to limited
supplies of the natural compound, until a method for its semi-synthesis was devised and
made production feasible (Horwitz, 1994). The drug was finally approved for clinical use
in 1995 and is now widely used to treat a range of epithelial cancers (Rowinsky, 1997).
Paclitaxel does not bind soluble tubulin, but binds directly and reversibly to βtubulin on the inside surface of the microtubule lattice (Diaz et al., 1998; Nogales et al.,
1995; Parness and Horwitz, 1981). This binding induces a conformational change in
tubulin and increases its affinity for neighboring tubulin subunits through an unknown
mechanism, thereby stabilizing the microtubule and increasing polymerization (Nogales,
2001). The microtubule stabilization by paclitaxel results in suppression of microtubule
dynamics and causes mitotic arrest (Yvon et al., 1999). In particular, cancer cells are
prevented from progressing from metaphase into anaphase, eventually leading to cell
death by apoptosis (Jordan et al., 1996; Kelling et al., 2003; Yvon et al., 1999).
However, as with many cancer therapeutic agents, the development of
resistance to paclitaxel remains a significant problem. The two main mechanisms are
the expression of multidrug resistance (MDR) phenotypes and alterations to the
tubulin/microtubule system (Krishna and Mayer, 2000; Orr et al., 2003). Drug resistant
tumors often exhibit simultaneous resistance to a diverse range of drugs, and are
typically mediated by the overexpression of drug efflux transporters such as Pglycoprotein

(P-gp).

Increased

expressions

of

the

P-gp

protein,

and

its
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corresponding mdr1 gene, have been associated with paclitaxel resistance in many
tumor types and cell lines (Alvarez et al., 1995; Haber et al., 1995; Schondorf et al.,
1999).
Several alterations to the tubulin/microtubule system have been identified as
well, one of which is the existence of point mutations in beta-tubulin that either directly
affect paclitaxel binding, or enhance microtubule dynamics by altering the interactions
between tubulin heterodimers and their regulatory proteins (Galletti et al., 2007).
Another mechanism for paclitaxel resistance is a change in expression levels of the βtubulin isotype. Overexpression of βIII-tubulin has been reported in various paclitaxelresistant cell lines, including lung, prostate, breast and ovarian cancer (Banerjee, 2002;
Ferlini et al., 2005; Goncalves et al., 2001), and also in clinical ovarian tumor cells
(Goncalves et al., 2001). It has been proposed that the observed reduction in paclitaxel
sensitivity is due to reduced binding affinity for the βIII isotype as a result of a different
amino acid residue present at β275, which is located at the paclitaxel binding site
(Galletti et al., 2007; Lowe et al., 2001). In addition, increased βIII expression has been
shown in vitro and in cells to impair microtubule stability (Derry et al., 1997; Hari et al.,
2003), and this destabilization is thought to counteract paclitaxel-induced stabilization
and induce drug resistance (Orr et al., 2003).
Besides the microtubules themselves, altered expression or post-translational
modifications of microtubule regulatory proteins also contribute to paclitaxel resistance.
For example, stathmin sequesters soluble tubulin dimers and destabilizes microtubules
(Andersen, 2000) and has been reported to inhibit paclitaxel-induced microtubule
polymerization in vitro (Larsson et al., 1999). Increased stathmin activity is thus likely to
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hinder paclitaxel's stabilizing action on microtubules and confer resistance. In fact,
increased stathmin expression has been detected in paclitaxel-resistant ovarian cancer
cells (Balachandran et al., 2003).
Other less studied putative mechanisms of paclitaxel resistance include altered
regulation of the cell cycle, apoptosis and cell death signal (Luqmani, 2005). In
particular, a weakened spindle assembly checkpoint (SAC) has been associated with
reduced paclitaxel sensitivity (Sudo et al., 2004). An interesting observation with the
chronic activation of SAC by paclitaxel treatment is the occurrence of mitotic slippage
(also known as mitotic checkpoint adaptation). This is a process in which cells arrested
in mitosis re-enter interphase without chromosome segregation or cell division, and is
an observation made in cells exposed to microtubule-targeting agents (Andreassen and
Margolis, 1991; Rudner and Murray, 1996; Weaver and Cleveland, 2005), including
paclitaxel (Long and Fairchild, 1994). The highly condensed state of mitotic
chromosomes halts the production of new RNA by blocking transcriptional access to the
DNA (Blagosklonny, 2007; Prescott, 1964), As a result, cells arrested in mitosis cannot
remain viable for an indefinite amount of time due to the progressive loss of essential
proteins through natural degradation (Bhalla, 2003; Blagosklonny, 2007; Jordan et al.,
1996), and the loss of SAC proteins is thought to be a trigger for mitotic slippage. The
rate of mitotic slippage after paclitaxel treatment had recently been studied and appears
to be dependent on cell type and paclitaxel concentration (Riffell et al., 2009).
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1.6

Integrin-linked kinase structure and function
Integrin-linked kinase (ILK) was originally discovered in a yeast two-hybrid

screen as a binding partner of the β1-integrin subunit cytoplasmic domain (Hannigan et
al., 1996). Only one ILK gene exists in humans and it was mapped to the distal tip of
chromosome 11 (band 11p15.4/15.5) (Hannigan et al., 1997). Subsequent genetic
studies in Drosophila, Caenorhabditis elegans, Xenopus laevis, and zebrafish and mice
have shown ILK to be required for embryonic development (Hannigan et al., 2005). The
translated ILK protein contains 3 evolutionarily conserved domains: four ankyrin repeats
near the N-terminus, a pleckstrin homology-like domain in the central region that binds
phosphoinositide lipids (Delcommenne et al., 1998; Persad et al., 2000), and a kinase
catalytic domain near the C-terminus. The ankyrin repeats of ILK bind to an adaptor
protein called PINCH (particularly interesting new cysteine-histidine-rich protein), which
is involved in recruiting ILK to the focal adhesions (Zhang et al., 2002). The ankyrin
repeats also bind to ILKAP (ILK-associated protein), which is a phosphatase that
negatively regulates ILK (Kumar et al., 2004; Leung-Hagesteijn et al., 2001).
The C-terminus catalytic domain of ILK binds to integrins (Hannigan et al., 2005),
and functions both as an adaptor and a kinase. As an adaptor, it interacts with the focal
adhesion proteins paxillin (Nikolopoulos and Turner, 2001; Nikolopoulos and Turner,
2002) and parvins (Hannigan et al., 2005; Hannigan et al., 2007; Legate et al., 2006),
both of which link ILK, and hence integrins, to the actin cytoskeleton. ILK's interaction
with the parvins also regulate actin cytoskeletal dynamics (Hannigan et al., 2005).
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Figure 1.5 Schematic diagram of ILK structure and binding partners at the focal
adhesion.
Reproduced with permission from the Journal of Cell Science, 121(19):3121-3132,
Integrin-linked kinase - essential roles in physiology and cancer biology, 2008.

As a kinase, ILK has been shown to be a serine/threonine kinase (Hannigan et
al., 2005; Hannigan et al., 2011). The ILK kinase domain is considered atypical because
it lacks the highly conserved amino acid triplet Asp-Phe-Gly (DFG) and His-Arg-Asp
(HRD) motifs found in most kinases, but retains the ATP-binding Lys residue at K220,
as well as the third highly conserved Ala-Pro-Glu (APE) motif (Boudeau et al., 2006;
Hannigan et al., 2005; Wickstrom et al., 2010b). As a result, ILK is considered to be a
pseudokinase (Boudeau et al., 2006; Wickstrom et al., 2010b). However, it has been
argued that catalytically functional kinases such as CASK and haspin do not have all 3
amino acid triplet motifs, and that there is considerable sequence flexibility within a
kinase catalytic domain (Hannigan et al., 2011). Recently, Maydan et al. showed that
16

highly purified ILK is a functional Mn2+-dependent kinase that could phosphorylate Ser-9
of GSK3-β in vitro, with enzyme kinetics comparable to other active protein kinases
(Maydan et al., 2010). Specifically, they established the importance of Lys-220, as a
mutation to alanine resulted in a significant reduction in ILK's catalytic activity. In
addition, ILK has repeatedly been shown to phosphorylate Ser-473 on AKT and Ser-9
on GSK3-β (McDonald et al., 2008).
Functionally, at the focal adhesions, ILK acts as a hub through which signals
from cell-matrix interactions and growth factors transduce into the cell interior. Many of
these signaling pathways regulate cellular processes that are often implicated in cancer.

1.7

Integrin-linked kinase and cancer signaling
After the discovery of ILK, it quickly became apparent that overexpression of

active ILK could transform cells by promoting anchorage-independent growth, motility,
invasion, proliferation and angiogenesis (Hannigan et al., 2005). Figure 1.2 shows an
overview of the signaling cascades regulated by ILK, which ultimately control a diverse
array of cellular processes involved in normal tissue homeostasis as well as cellular
transformation / malignancy. The majority of work that studied ILK's role in cell signaling
made use of transformed and/or tumorigenic cells. This is of note because ILKcontrolled pathways may differ in their regulation and function between non-transformed
and cancer cells. Several studies have demonstrated a role for ILK in regulating the
phosphorylation of Akt at Ser473 and of glycogen synthase kinase 3 (GSK3) (McDonald
et al., 2008). In particular, the phosphorylation of Akt at Ser473 leads to full activation of
this protein and activates important pathways that control cell survival.
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Figure 1.6 Overview of the intracellular signaling pathways regulated by ILK.
Reproduced with permission from the Journal of Cell Science, 121(19):3121-3132,
Integrin-linked kinase - essential roles in physiology and cancer biology, 2008.

ILK expression is often found to be elevated in clinical tumor samples and
correlates with aggressive tumor phenotype and poor prognosis (McDonald et al.,
2008). However, the exact mechanisms behind the elevated expression are currently
unclear. Certain signaling pathways controlling cell survival, proliferation and invasion
become more dependent on ILK activity in cancer cells compared to untransformed
cells (Troussard et al., 2006). This dependency, coupled with the constitutively high
levels of ILK expression and activity in cancer cells, provide an attractive therapeutic
opportunity to bring the level of ILK activity down to that of normal cells.
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The pharmacological inhibition of ILK activity has been pursued with the
development of small-molecule inhibitors against ILK's kinase activity. These inhibitors
are ATP analogs that compete with endogenous ATP for the ILK kinase domain ATPbinding site. Derivatives of the KP15792 class of inhibitor, KP-392 and the more potent
QLT-0267, have been widely used (Jin et al., 2008; Kalra et al., 2011; Kalra et al., 2009;
Koul et al., 2005; Liu et al., 2006; Mills et al., 2003; Troussard et al., 2006; Younes et
al., 2005; Younes et al., 2007). QLT-0267 has previously been described to be highly
selective against ILK phosphotransferase activity (Younes et al., 2005). In vitro, QLT0267 inhibited the kinase activity of purified ILK in an ATP-competitive manner and
showed the most potent inhibition when compared with several other kinase inhibitors
(Maydan et al., 2010). This compound inhibited ILK kinase activity with a half maximal
inhibitory concentration (IC50) of between 2-5 μM, depending on cell type (Troussard et
al., 2006).
However, as with most small molecule kinase inhibitors that target a highly
conserved target (the kinase domain), it should be noted that absolute specificity
against any one kinase could never be achieved (Bantscheff et al., 2007), and some
effects of QLT-0267 could be “off target”. Although the compound had shown 10-1000fold selectivity against other kinases tested under similar conditions, including DNA-PK,
PKB/AKT and GSK3β (Younes et al., 2005), Muranyi et al. had shown that QLT-0267
could inhibit FMS-like tyrosine kinase 3 (FLT3) with equivalent potency to that seen
against ILK (Muranyi et al., 2009). Nevertheless, preclinical studies have begun to
assess the use of QLT-0267 for cancer therapy. In two studies utilizing acute myeloid
leukemia (AML) cell lines, QLT-0267 exhibited selective toxicity against AML progenitor

19

cells while sparing normal hematopoietic counterparts (Fukuda et al., 2011; Muranyi et
al., 2009). In addition, the use of QLT-267 in combination with docetaxel demonstrated
drug synergism in an orthotopic cancer mouse model (Kalra et al., 2009) but not in a
resistant metastatic disease mouse model (Kalra et al., 2011), suggesting that the use
of QLT-0267 could provide good clinical benefits in an adjuvant or neoadjuvant setting.

1.8

Integrin-linked kinase at the centrosome
The discovery of ILK's localization to the centrosomes was made serendipitously

in a recent proteomics study to identify ILK binding partners (Dobreva et al., 2008).
Using SILAC (stable isotope labeling with amino acids in cell culture)-based quantitative
mass spectrometry, a ratio of specific to non-specific binding to ILK was obtained for
every protein identified (Foster et al., 2006; Ong et al., 2002). While the known ILK
binding partners, PINCH and α-parvin were identified with high specificity ratios, α and
β-tubulin, and a number of centrosomal/mitotic spindle proteins were also identified with
equally high ratios, including RuvBl1 and ch-TOG (Dobreva et al., 2008). In fact, about
half the proteins on the list of ILK binding partners were known centrosomal and/or
spindle proteins.
ILK

was

subsequently

shown

by

biochemical

fractionation

and

immunofluorescence microscopy to localize to interphase and mitotic centrosomes,
where it exists as part of a second multiprotein complex distinct from the focal
adhesions (Fielding et al., 2008b). Specifically, ILK was present in purified mitotic
spindle extracts, along with α-tubulin and ch-TOG, but the known focal adhesion ILK
interactors

PINCH

and

α-parvin

were

absent.

ILK

was

also

shown

by
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immunofluorescence to co-localize with α-parvin at the focal adhesions but only ILK was
present at the centrosomes, and not α-parvin. Conversely, ch-TOG was absent from the
soluble cell extract, where ILK, PINCH and α-parvin were found. Additionally,
immunofluorescence analysis revealed co-localization of ILK and RUVBL1 at the
cnetrosome, but only ILK was seen at the focal adhesions. Therefore, the association
with distinct protein complexes allows ILK to partition between the actin and tubulin
cytoskeletal networks.
At the centrosomes, ILK depletion or inhibition of its kinase activity has been
shown to cause mitotic spindle defect, with highly disorganized spindles that were
unable to properly align all chromosomes (Fielding et al., 2008b). Cells contained
condensed chromosomes and separated centrosomes, but microtubules from one, and
in some cases both, centrosomes would radiate in all directions.
One potential mechanism of ILK action at the centrosome is through its
interaction with RuvB-like protein 1 (RuvBl1), a DNA helicase essential for homologous
recombination and DNA double-strand break repair. RuvBl1 and RuvBl2 are two human
homologues of the bacterial protein RuvB, and are able to form homo or hetero
complexes (Bauer et al., 2000). RuvBl1 has been reported to regulate microtubule
dynamics and mitotic spindle organization (Ducat et al., 2008; Gartner et al., 2003). In
addition, ILK and RuvBl1 are mutually dependent for their localization to the centrosome
(Fielding et al., 2008b). Interestingly, β-catenin, a known ILK effector (Novak et al.,
1998; Oloumi et al., 2006) that localizes to the centrosomes and regulates mitotic
spindle organization (Kaplan et al., 2004), has also been shown to bind to RuvBl1
(Bauer et al., 2000; Bauer et al., 1998). It is therefore possible that ILK, RuvBl1/2 and β-
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catenin form a complex at the centrosome that is essential for mitotic spindle
organization.
In another mechanism of action, ILK depletion or inhibition of its kinase activity
disrupts formation of the Aurora A/ch-TOG/TACC3 complex (Fielding et al., 2008b)
(Figure 1.7), although the direct downstream target of ILK that regulates this complex
formation has yet to be identified. Aurora A kinase is an important organizer of the
spindle poles (Marumoto et al., 2005) and its mechanism of action depends partly on
two downstream effectors, TACC3 and ch-TOG. Transforming, acidic coiled-coil
containing (TACC) proteins exist as 3 isoforms in humans, all of which bind to ch-TOG
and are required for the localization of ch-TOG to the centrosome (Cullen and Ohkura,
2001; Gergely et al., 2000; Lee et al., 2001). Furthermore, the phosphorylation of
TACC3 at Ser558 is regulated by ILK in an Aurora A-dependent manner (Fielding et al.,
2011). This is significant because Ser558 phosphorylation is required for TACC3's
microtubule-regulating functions at the centrosome (Barros et al., 2005; Giet et al.,
2002; Kinoshita et al., 2005; LeRoy et al., 2007; Peset et al., 2005).
Ch-TOG (XMAP215 in Xenopus laevis, Msps in Drosophila melanogaster, Stu2p
in Saccharomyces cerevisiae) is a processive polymerase (Brouhard et al., 2008) and
microtubule binding protein that stabilizes microtubules in vitro (Gard and Kirschner,
1987; Spittle et al., 2000), by promoting plus end polymerization and by counteracting
the activity of the microtubule catastrophe-promoting protein MCAK (XKCM1 in
Xenopus) (Tournebize et al., 2000; Vasquez et al., 1994). Despite controlling plus end
dynamics, ch-TOG is strongly localized to the spindle poles / centrosomes during
mitosis.
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It is thought that Aurora A-mediated phosphorylation of TACC3 targets it to the
centrosome (Barr and Gergely, 2007), where the same phosphorylation serves to target
ch-TOG to the centrosomes (Barros et al., 2005). This allows ch-TOG to be "loaded"
onto microtubule plus ends as they initially grow out of the centrosome (Lee et al.,
2001), and also protects ch-TOG against MCAK activity (Barros et al., 2005). As a
result, centrosome-nucleated microtubules are stabilized and allowed to form an
organized bipolar spindle.
Finally, recent work on centrosome clustering revealed that ILK is required for the
clustering of supernumerary centrosomes (Fielding et al., 2011). This particular function
of ILK does not depend on the focal adhesions and is mediated through Aurora A's
phosphorylation of Ser558 on TACC3. The presence of more than 2 centrosomes is a
common characteristic of cancer cells (Pihan et al., 2003; Zyss and Gergely, 2009).
Through a poorly understood mechanism of centrosome clustering, these cancer cells
are able to cluster their centrosomes to form bipolar spindles, thus ensuring bipolar
mitosis and cell survival (Kwon et al., 2008). Therefore, targeting ILK-mediated
centrosome clustering may be a very effective and promising cancer-specific therapy.

1.9

Objectives
It was previously demonstrated that pharmacological inhibition or depletion of ILK

resulted in a disorganized mitotic spindle phenotype (Fielding et al., 2008b). Because of
ILK's dual role as a kinase and a scaffolding protein, I am now interested specifically in
how ILK's kinase activity regulates mitotic spindle organization. In this study, I set out to
characterize the spindle defect caused specifically by inhibiting ILK's kinase activity
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using the ILK-specific small molecule inhibitor, QLT-0267, and to address the
centrosomal functions of ILK's kinase activity.
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Chapter 2. Materials and methods
2.1

Antibodies, drugs and small molecule inhibitor
The following primary antibodies were used for immunofluorescence and western

blot

staining: mouse

anti-α-tubulin

(Sigma-Aldrich),

rabbit anti-α-tubulin

(GeneTex), mouse anti-acetylated-α-tubulin (acetylated Lys40) (Sigma-Aldrich), rabbit
anti-ILK

(Abcam), human

anti-centromere

(Antibodies

Inc.), mouse

anti-hec1

(Abcam), rabbit anti-pericentrin (Abcam), mouse anti-ILK (BD Biosciences), rabbit antiflag (Cell Signaling Technology), mouse anti-paxillin (BD Biosciences). AlexaFluor 488
anti-mouse and AlexaFluor 594 anti-rabbit were used as secondary antibodies for
immunofluorescence staining, while IR-Dye 680-conjugated anti-rabbit and IRDye 800conjugated anti-mouse antibodies (Rockland Immunochemicals, Inc.) were used for
western blotting.
The small molecule inhibitor, QLT-0267, was a kind gift from Quadra Logic
Technologies Inc., and was dissolved in dimethyl sulfoxide (DMSO). Paclitaxel (SigmaAldrich) and nocodazole (Sigma-Aldrich) were also dissolved in DMSO prior to usage in
experiments.

2.2

Cell lines, culture and treatment
HeLa cells were grown in DMEM, supplemented with 10% fetal bovine serum, at

37°C in 5% CO2 atmosphere. Subsequent stable cell lines derived from the parental
HeLa cells were cultured in the same manner and maintained with 0.5μg/ml puromycin.
Unless otherwise stated, treatment with QLT-0267 was carried out at 10 μM for 6 hours
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under regular cell culture conditions. Nocodazole treatment was performed at 1 μM for
16 hours. Cells were treated with varying concentrations of paclitaxel dissolved in
DMSO under regular culture conditions for 20 or 48 hours.

2.3

Generation of stable cell lines
Using pIRES-hrGFP-ILK (obtained from Dr. Mykola Maydan at the Dedhar

laboratory) as template, Flag-ILK was amplified by PCR with primers that added an
XhoI

site

plus

a

kozak

sequence

at

the

5’

end

(ILK-XhoI-For:

5’-

GGACTCTCGAGGCCATGGACGACATTTTCACTCAGT-3’) and an XbaI site at the 3’
end

(ILK-XbaI-Rev:

5’-GACTTCTAGATGCAGTCGTCGAGGAATTGCTAT-3’).

The

resulting PCR product was cloned into XhoI- and XbaI-digested lentivirus pLVX-puro
vector (Clontech) to generate lentiviral construct pLVX-puro-ILK. This construct,
together with pLVX-puro (empty vector, EV), was individually packaged into lentivirus
particles in 293T cells (American Type Culture Collection) using a lentiviral packaging
mix (Sigma). HeLa cells were infected with these lentivirus particles and selected in
culture media containing 3 μg/mL puromycin for two weeks. Single cell-derived stable
cell lines were further obtained by culturing cells in a 96-well plate using a cell sorter.
The stable cell lines were designated as Vector 6, Vector 8, ILK 7 and ILK 10.
Using CAG_Tubulin5_VEN (kind gift from Dr. Peter Lansdorp) as a template, the
N-terminus and C-terminus of Tubulin-Venus were amplified by PCR with primer pairs
N-Terminus (N-EcoRI-For: GCCTGAATTCACCATGTTCATGCCTTCTTCTTTTTCCT;
N-BamHI-Rev:

GAGCTTGTTGGGGATCCATTCCACGAAGTAGCTGCT)

and

C-

terminus (C-BamHI-For: GCAGCTACTTCGTGGAATGGATCCCCAACAATGTCAA; C26

BamHI-Rev:

GACAGGATCCTTACTTGTACAGCTCGTCCATGCCGAGA).

The

N-

terminus of Tubulin-Venus was cloned into EcoRI- and BamHI-digested pLVX-IRESNeo (Clontech), generating the construct pLVX-Neo-N-terminus. The C-terminus of
Tubulin-Venus was then cloned into BamHI-digested pLVX-Neo-N-terminus, resulting in
a construct (pLVX-Neo-Tubulin-Venus) that contains the full length Tubulin-Venus
fusion protein. As described above, lentivirus particles prepared with pLVX-NeoTubulin-Venus was used to infect Vector 8 and ILK 10. These infected cell lines were
then selected in culture media containing 600 μg/mL G418 for two weeks, and
populations of cells from both cell lines showing similar levels of fluorescence at 488 nm
were selected through fluorescence-activated cell sorting (FACS).

2.4

Cell lysis and western blot
To obtain whole cell lysates, cells were lysed with an NP-40 buffer containing

50mM Tris (pH7.6), 150mM NaCl, 1% NP-40, and 1mM ethylenediaminetetraacetic acid
(EDTA), supplemented with 1x Protease Inhibitor (Roche), 1mM Na3VO4, 1mM NaF and
20mM β-glycerophosphate. Mitotic spindles were purified as previously described
(Fielding et al., 2008b). Protein concentration was determined using the bicinchoninic
acid (BCA) assay.
Western blot analysis was performed on equal amounts of whole cell lysates or
spindle

fractions.

The

proteins

were

resolved

on

SDS-PAGE

gels,

and

electrophoretically transferred onto nitrocellulose membranes. The Odyssey blocking
buffer (LI-COR Biosciences) was used for blocking the membranes and incubation of
primary antibodies (diluted in 5% nonfat milk) occurred overnight at 4°C. Secondary
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antibodies diluted in 5% nonfat milk were used to detect the primary antibodies and the
membrane was visualized with the Odyssey IR imaging system (LI-COR Biosciences).

2.5

Cell viability assay
Cell viability was determined using the cell proliferation kit from Roche

(Catalogue no.: 11465007001) that utilizes the MTT (3-(4,5-dimethythiazol-. 2-yl)-2,5diphenyl tetrazolium bromide) assay. 5000 cells per well were initially seeded in the
wells of a 96-well plate and allowed to recover overnight under standard culture
conditions. DMSO or paclitaxel was then added for 48 hours before the MTT assay was
performed. The level of intensity of the resulting formazan crystals in the wells were
measured using a spectrophotometer at 570 nm, and the absorbance values within
each cell line was converted to a percentage, with the values of the untreated sample
set at 100%.

2.6

Cell cycle analysis
Asynchronous Vector 8 and ILK 10 cells were collected, washed in PBS, fixed

overnight in 70% ethanol at 4°C, and then washed again in PBS. DNA was labeled with
40μg/ml propidium iodide in PBS containing 500μg/ml RNase for 30 minutes at 37°C, in
the dark. Cells were then kept in the dark, on ice, until fluorescence-activated cell
sorting (FACS) using a Becton Dickinson (BD) FACSort analyzer. FACS data was
acquired using the BD CellQuest™ Pro (Version 5.2) software, and the appropriate gate
across the FL-2W vs. FL-2A plot was applied to acquire data from 5,000 or 10,000 cells
that were single cells, and not clumps of 2 or more cells. The data was then analyzed
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using the FlowJo software, and the same gate was applied in FlowJo before using the
Dean-Jett-Fox cell cycle analysis algorithm to estimate the proportion of cells in each
cell cycle stage.

2.7

Immunofluorescence, image acquisition and analysis
Unless otherwise stated, cells were grown on glass coverslips and fixed with ice-

cold methanol for 20 minutes at -20°C then washed 3 times with phosphate-buffered
saline (PBS). The coverslips were either left overnight at 4°C, or blocked immediately
with 1% BSA in PBS at room temperature for 30 minutes. Primary and secondary
antibodies were diluted in a blocking buffer containing 0.2% fish skin gelatin and 0.1%
goat serum in PBS. Immunostaining of primary antibodies took place either for 2 hours
at room temperature, or overnight at 4°C. After washing 3 times with PBS, secondary
antibodies were added for 1 hour at room temperature, in the dark, followed by another
3 PBS washes. Finally, DNA was stained using Hoechst 33342 for 10 minutes at room
temperature, in the dark, and coverslips were washed 3 times with PBS and mounted
onto glass slides with VECTASHIELD® mounting medium. Slides were kept at 4°C in
the dark before viewing.
In order to visualize ILK at the centrosomes, cells were partially lysed with
100mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), 5mM MgCl2, 1mM ethylene
glycol tetraacetic acid (EGTA) and 0.5% Triton-X100 for 1 minute at 37°C, before
fixation.
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For the calcium microtubule depolymerization experiments, cells were incubated
with a calcium buffer (100mM PIPES pH6.8, 1mM MgCl2, 1mM CaCl2 and 0.1% TritonX100) for 2 minutes at room temperature before fixation.
For the microtubule regrowth experiments, cells were treated with DMSO or 10
μM QLT-0267 for 6 hours, with the first 5 hours at 37°C and the last hour at 4°C, on ice,
to completely depolymerize all microtubules. Fresh, pre-warmed media (containing
either DMSO or 10 μM QLT-0267) was then added to the cells before they were
returned to 37°C for varying timepoints before fixation.
Cells were viewed under a Zeiss Colibri fluorescence microscope and images
acquired with an AxioCamMRm camera using the AxioVision Rel. 4.7/4.8 software. Zstacks of 0.25 μm were acquired for images visualizing kinetochores/centromeres and
mitotic spindle bundles (Figures 3.1A, 3.1B, 3.2A, 3.2B, 3.2C, 3.3A and 3.4A). The
number of stacks varied to accommodate different cells and to ensure that the depth of
the entire mitotic cell and all centromeres were captured in the images. In order to more
clearly visualize centromeres and mitotic spindle bundles, the z-stacks were
deconvolved using AutoQuant X2 (MediaCybernetics). For qualitative analyses, images
were exported as TIFF images at maximum intensity projection. For the measurement
of mitotic spindle bundle length in the microtubule regrowth experiments, images were
viewed at maximum intensity projection, and the length measurement tool in AutoQuant
X2 was used to measure the length of the 4 longest mitotic spindle bundles in each cell.
For the measurement of intercentromere distance, individual z stacks of the
deconvolved images were visually analyzed to pick out identifiable pairs of centromeres
for distance measurement.
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For quantification of acetylated α-tubulin signal intensity, 13 z-stacks at 1 μm
spacings were obtained. The images were not deconvolved to minimize alteration to
signal intensities. The stacks were viewed in ImageJ at maximum intensity, and
background subtracted using a rolling ball radius of 50 without "light background",
before measuring the integrated density within a fixed round area drawn around the
spindle.
Phase contrast images of cells in Figure 3.5B were viewed using the same
microscope, camera and software as above. Cells were not imaged under controlled
environment as the imaging took place over a very short period of time.
For the estimation of mitotic index, cells were imaged for Hoechst 33342 and
anti-α-tubulin stains at 10X or 20X, before manual counting of the number of mitotic
cells on the screen, and estimating the total number of cells based on the DNA stain
using Image J. The mitotic index was then presented as a percentage of mitotic cells
over the total number of cells in the image.

2.8

Live cell time-lapse imaging
Live Vector 8 and ILK 10 cells were grown in 6-well plates at low confluency.

While HeLa cells do not exhibit contact inhibition, having cells at low confluency would
allow easy visualization of mitotic cells. Overlapping cells tended to obscure proper
viewing of the condensed chromosomes. The same microscope set-up previously
described in Section 2.7 was used for visualization and image acquisition. Additionally,
the plate was maintained at 37°C and 5% CO2 by placing it on a heating insert with
a CO2 cover. Image sequences were acquired every 2 minutes for 10 hours and viewed
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in AxioVision 2.7. The brightness and contrast were adjusted for better visualization of
chromosomes.
The combined duration of prophase and prometaphase were estimated from the
time when the cell was first seen to be rounding up to the time when a metaphase plate
was first observed. Metaphase to anaphase duration was estimated from the first
appearance of a metaphase plate to when the chromosomes were first seen to
separate. The end of mitosis was estimated to occur when the first cleavage furrow was
first observed in the elongated cell after anaphase.

2.9

Microtubule dynamics measurement
One day before imaging, 1.5 ×105 cells were seeded onto a 35 mm glass bottom

dish (MatTek). Immediately before imaging, cells were washed with PBS +/+ (PBS
containing Ca2+ and Mg2+) twice and replaced with 3 ml of Leibovitz’s L-15 media
(Invitrogen) containing 10% FBS and oxyrase (1:100) (Oxyrase). The appropriate
concentration of DMSO or QLT-0267 was also included and maintained in the L-15
media. Imaging was performed with a high speed spinning disc confocal microscope
(Perkin-Elmer) every 3 seconds over 3-5 minutes, and acquired using the software
Volocity (Improvision).
A series of time-lapse images were exported from Volocity and analyzed
using ImageJ (http://rsb.info.nih.gov/ij/). The images were adjusted for brightness and
contrast in ImageJ to achieve optimum visualization of microtubule tips. The positions of
the tips at every image frame were then marked with a mouse-controlled cursor using
the Manual Tracking plugin. Due to the resolution limit of a confocal microscope
32

(Kamath et al., 2010), only changes in length >0.5 μm were called growth or shortening
events. Phases of undetectable changes in length (≦0.5 μm) were considered pauses.
The calculations for transition frequencies and dynamicity were as described previously
(Goncalves et al., 2001; Yvon et al., 1999). The rescue frequency was calculated by
dividing the number of transitions from shortening to pause and shortening to growing
by the time spent shortening or total distance shortened. The catastrophe frequency
was calculated by dividing the number of transitions from pause to shortening or
growing to shortening by the sum of the time spent growing and pausing or by the total
distance grown. Dynamicity was calculated as the total length grown and shortened
divided by the life span of the microtubule.

33

Chapter 3. Results
3.1.

Inhibition of ILK with QLT-0267 results in an aberrant spindle

phenotype
For this study, I chose to use HeLa cells for their fast doubling time of about 24
hours (based on observations of cells in culture). This ensured a relatively high number
of mitotic cells available for analysis in an asynchronous culture. The expression and
localization of ILK at the centrosome was also confirmed in this cell line (Figure 1A), as
evidenced by the immunostaining of ILK at the two mitotic spindle poles.
Inhibition of ILK's kinase activity in HeLa cells using QLT-0267 resulted in a
disorganized mitotic spindle that failed to align all chromosomes to the metaphase plate
between both spindle poles, and cells appeared to be arrested in a prometaphase-like
stage (Figure 1, lower panel). This is consistent with the abnormal spindle phenotype
seen previously in HeLa and Hek293 cells when ILK activity was inhibited by QLT-0267
(Fielding et al., 2008b).
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(A)

(B)

Figure 3.1 HeLa cells express ILK at the centrosome and are sensitive to QLT0267-induced spindle defects.
(A) ILK is expressed in HeLa cells and localized to the centrosome. The figure shows a
representative image of a HeLa mitotic cell fixed from an asynchronous culture and
immunostained with anti-α-tubulin (green) and anti-ILK (red). Bar = 10 μm. (B) Inhibition
of ILK results in an aberrant spindle phenotype in which chromosomes were unable to
properly align at the metaphase plate. Asynchronous HeLa cells were treated with
DMSO or 10 μM QLT-0267 for 6 hours before being fixed and immunostained with antiα-tubulin (green) and anti-centromere antibody (red). Bar = 10 μm.
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3.2.

Inhibition of ILK's kinase activity does not affect kinetochore

architecture or kinetochore-microtubule attachment
To characterize the abnormal spindle phenotype, I first assessed the integrity of
the kinetochore architecture. Hec1 (also known as Ndc80) resides on the outer
kinetochore and is 1 of 4 subunits in the Ndc80 complex, which is a key structural
component of the kinetochore (Ciferri et al., 2007; Kline-Smith et al., 2005). Together
with the KNL-1/Mis12 complex, the Ndc80 complex constitutes the core microtubulebinding site on the kinetochore (Cheeseman et al., 2006). The localization of Hec1 to
the kinetochores had been reported by Schneider et al. to be reduced during TACC3
depletion (Schneider et al., 2007) and I wanted to see if inhibition of ILK's kinase activity
with QLT-0267 would have any effect on Hec1 localization. HeLa cells were treated with
DMSO or 10 μM QLT-0267 for 6 hours and the localization of Hec1 was assessed by
immunofluorescence (Figure 3.2A). Treatment of HeLa cells with QLT-0267 did not
appear to alter Hec1's localization to the kinetochores as Hec1 was clearly seen next to
the centromeres. It should be noted that the signals for Hec1 and centromeres did not
colocalize completely as Hec1 is a component of the outer kinetochore, and would not
be found directly on the centromeres.
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(A)

(B)

Figure 3.2 (A-B) Inhibition of ILK's kinase activity does not affect kinetochore
stability.
Representative images of asynchronous HeLa mitotic cells that were (A) treated with
DMSO or 10 μM QLT-0267 for 6 hours, or (B) treated with 5 μM QLT-267 over 1, 2 or 3
days. Cells were then fixed and immunostained with anti-Hec1/Ndc80 and anticentromere antibody. Inhibition of ILK activity using QLT-0267 over a period of 3 days
did not appear to affect localization of the Hec1/Ndc80 protein to the kinetochore.
Images are representative of 2 independent experiments. Bar = 10 μm.
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In the report by Schneider et al., the authors did not observe a reduction in Hec1
localization to the kinetochores after 1 day of TACC3 depletion, but the marked
reduction in Hec1 signals at the kinetochores was seen after 3 days of TACC3
depletion. Therefore, to assess if a longer duration of ILK inhibition might similarly affect
Hec1 localization, I exposed HeLa cells to QLT-0267 for 1, 2 or 3 days, instead of the
standard 6-hour exposure that was normally used for observing spindle defects.
However, since treatment with QLT-0267 was known to induce apoptosis after 18 hours
of exposure (Troussard et al., 2006), the concentration of QLT-0267 used was lowered
from 10 μM to 5 μM, in order to have enough surviving cells at the end of the drug
treatment for observation. As seen in Figure 3.2B, longer exposure of HeLa cells to
QLT-0267 also did not appear to alter Hec1 localization to the kinetochores. Since cells
did not typically survive long term exposure to QLT-0267 at higher concentrations, I
cannot rule out the possibility that a 3-day exposure to 10 μM of QLT-0267 might affect
Hec1 localization, although this possibility would be of little significance given that cells
were dead by then.
Exposure to QLT-0267 or ILK depletion had been known to only disrupt the
interaction between TACC3, ch-TOG and Aurora A, but with no effect on the localization
of these proteins to the centrosomes (Fielding et al., 2008b). Since the gradual
deterioration of kinetochore architecture reported by Schneider et al. was seen with
TACC3 depletion, but not in this study with ILK inhibition (and with TACC3 remaining at
the centrosomes), it is possible that TACC3's regulation of kinetochore architecture
does not involve its interactions with ch-TOG or Aurora A.
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(C)

Figure 3.2 (C) Inhibition of ILK's kinase activity does not affect kinetochoremicrotubule attachment.
Representative images of asynchronous HeLa mitotic cells that were treated with
DMSO or 10 μM QLT-0267 for 6 hours, then fixed immediately or incubated in a calcium
buffer for 2 minutes prior to fixation to depolymerize non-kinetochore microtubules. Cells
were immunostained with anti-tubulin and anti-centromere antibody to visualize the
mitotic spindle and centromeres, respectively. Calcium-stable spindle microtubules were
still visible in QLT-0267-treated cells, indicating the presence of kinetochoremicrotubules. Images are representative of 3 independent experiments. Bar = 10 μm.

Next, I wanted to determine whether the QLT-0267-induced spindle defect was a
result of failed kinetochore-microtubule (kMT) attachment. To test for this, I briefly
treated HeLa cells in a calcium buffer to depolymerize non-kinetochore spindle
microtubules with unprotected plus ends (Weisenberg and Deery, 1981) prior to fixation.
As a positive control, interphase cells were checked to ensure that non-kinetochore
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microtubules

were

depolymerized

by

calcium

treatment

(Figure

A.1).

Immunofluorescence analysis revealed the presence of calcium-stable microtubules in
QLT-0267-treated mitotic HeLa cells (Figure 3.2C), and the appearances of the spindles
were similar between calcium-treated and non-calcium-treated cells, suggesting that
cells were able to form proper kMT attachments even when ILK function was inhibited.
However, the presence of kMT attachment does not provide information on the nature
or stability of these attachments, and these are addressed in subsequent sections.

3.3.

Inhibition of ILK's kinase activity results in higher than normal

centromere tension
To further assess the stability of kMT attachment, I measured the distance
between sister centromeres as a marker of inter-centromere tension generated by the
spindle microtubules. HeLa cells were treated with DMSO, 1 μM nocodazole or 10
μM QLT-0267, then fixed and stained with anti-α-tubulin and anti-centromere antibody
(ACA) (Figure 3.3A). Due to the rounded nature of mitotic cells, z-stacks were acquired
at 0.25 μm steps to ensure that all centromeres were imaged. Each stack was visually
inspected to identify pairs of sister centromeres (Figure 3.3A, arrowed) and to quantify
the distance between sister centromeres (Figure 3.3B). The quantification of intercentrosome distance in control cells was performed only in metaphase cells in which
sister centromeres were clearly aligned between two spindle poles.
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(A)

(B)

Figure 3.3 Centromere tension is higher than normal in cells treated with QLT0267.
(A) HeLa cells were treated with DMSO (6 hours), 10 μM QLT-0267 (6 hours) or 1 μM
nocodazole (16 hours) before fixation, and immunostained with anti-α-tubulin (green)
and anti-centromere antibody (red). Optical sections (0.25 μm z-stacks) were obtained
that would include all centromeres in a rounded mitotic cell. The images were
deconvolved and pairs of sister centromeres (arrowed) were identified through visual
inspection of individual optical sections. The distance between sister centromeres was
measured as a marker of inter-centromere tension. Bar = 10 μm. (B) Quantification of
distance between sister centromeres in mitotic HeLa cells treated with DMSO control,
QLT0267 (aligned chromosomes between both spindle poles and mis-aligned
chromosomes on the side of only one pole) and nocodazole (basal control for lack of
tension between sister centromeres). Results represent mean ± S.E.M. (DMSO control
N=81, QLT-0267 (aligned) N=84, QLT-0267 (mis-aligned) N=84, nocodazole N=85)
from 2 independent experiments.

For QLT-0267-treated cells, a proportion of chromosomes were sometimes
aligned between two spindle poles, while others were clearly found only on one side of
a spindle pole (mis-aligned). The inter-centromere distance was thus measured for both
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the aligned and mis-aligned chromosomes in QLT-0267-treated cells. Nocodazole is a
microtubule depolymerizing agent, therefore mitotic cells treated with nocodazole would
not have a mitotic spindle, and the inter-centromere distance in these cells would
represent the basal distance between sister centromeres that were under no tension.
During measurement of inter-centromere distance, only sister centromeres that
appeared to be in focus in the same plane (z-stack) were measured, to prevent
underestimation of the distance measured.
Figure 3.3B shows the graphical representation of the inter-centromere
quantification. There was no significant difference between the inter-centromere
distances of mis-aligned chromosomes in QLT-0267-treated cells and the unattached
chromosomes in nocodazole-treated cells. Since kinetochore attachment is not an all or
none phenomenon, this suggested a complete lack of tension across the misaligned chromosomes in QLT-0267-treated cells and they were not weakly attached to
the opposite pole. Due to the limit of the widefield microscope's resolution, it was not
possible to tell if these mis-aligned chromosomes were completely unattached to any
microtubules or had syntelic attachments.
Higher than normal tension was also observed in the aligned chromosomes of
QLT-0267-treated cells (1.93 ± 0.03 μm) compared to control cells (1.53 ± 0.01 μm).
This observation was unexpected as it had been reported that small interfering RNA
(siRNA) knockdown of ch-TOG in HeLa cells resulted in reduced, not increased,
centromere separation (Meraldi et al., 2004). However, ILK inhibition with QLT-0267
was known to only affect ch-TOG’s interaction with Aurora A and TACC3, but not the
localization of all three proteins to the centrosome (Fielding et al., 2008b). This raises
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the possibility that ch-TOG function in promoting kinetochore tension does not require
interaction between ch-TOG, TACC3 and Aurora A at the centrosome. Ch-TOG had
also been found to promote inter-centromere tension by counteracting the activity of
MCAK, a microtubule-depolymerizing kinesin (Barr and Gergely, 2008). Although MCAK
did not show up in a previous proteomic screen of ILK's interactome as an ILK interactor
(Dobreva et al., 2008), it is entirely possible that ILK inhibition has an indirect effect on
MCAK via other pathways, or is interfering with the function of other proteins that cause
centromere relaxation to counteract ch-TOG’s effects. A number of proteins that are
regulated by ILK, such as AKT and GSK3β, also localize to the centrosome and
regulate mitotic spindle organization (Fielding et al., 2008a). It is, therefore, not
inconceivable that the increase in inter-centromere tension seen with ILK inhibition may
also be mediated through these downstream effectors.
Since it had been reported that microtubule dynamics, rather than microtubule
motors, could be primarily responsible for centromere stretching and relaxation (Kelling
et al., 2003), ILK's kinase function may be involved in regulating spindle microtubule
dynamics. This led me to focus on a possible role of ILK in regulating microtubule
dynamics in the subsequent sections.

3.4.

Inhibition of ILK's kinase activity is associated with slower

microtubule regrowth and turnover
To investigate ILK's role in spindle microtubule assembly, I looked at spindle
microtubule regrowth after cold depolymerization. HeLa cells were treated with DMSO
or 10 μM QLT-0267 under standard conditions for 6 hours except for the last hour, when
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cells were chilled on ice at 4°C to completely depolymerize all microtubules. While
kinetochore-microtubules are usually cold- and calcium-stable for short periods of time,
cold treatment for an hour was enough to induce disassembly of the kinetochoremicrotubules (Figure 3.4A at 0min). The cells were then returned to 37°C for varying
lengths of time before fixation and immunofluorescence staining to visualize spindle
microtubules as the spindles re-assembled over time. Un-chilled cells were also used
for measurement of microtubule length at steady state.
The lengths of the four longest microtubule bundles of each cell were measured
to obtain the average microtubule bundle length. ILK inhibition clearly slowed the rate of
microtubule regrowth at the centrosome (Figure 3.4A and 3.4B). After 10 minutes of
regrowth, the length of microtubule bundles in control cells had regrown to that of
steady state, and spindles that morphologically resembled those at steady state were
seen by 20 minutes of regrowth. In contrast, QLT-0267-treated cells exhibited minimal
microtubule regrowth from the centrosome at 10 minutes, while chromatin-associated
microtubules were already seen. These cells took twice as long as control cells (up to
20 minutes) to reach steady state length. Quantification of microtubule bundle length
revealed shorter spindle microtubules in QLT-0267-treated cells (Figure 3.4B) (6.13 μm
in control and 3.74 μm in QLT-0267-treated cells).
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(A)

(B)

Figure 3.4 (A-B) Microtubule regrowth after depolymerization is slower in QLT0267-treated cells.
(A) Representative immunofluorescence images of mitotic HeLa cells immunostained
with anti-α-tubulin (green) and anti-centromere antibody (red). HeLa cells were treated
with DMSO or 10 μM QLT-0267 for 5 hours, and then chilled at 4°C for 1 hour to
depolymerize all microtubules. Following that, cells were returned to 37°C for various
time-points before methanol fixation. Steady state: un-chilled cells. Bar = 10 μm. (B)
Quantification of average microtubule bundle length at different time-points of
microtubule regrowth. Results represent mean ± S.D., N=40 (4 longest microtubule
bundles per cell, across 10 cells, per condition), and are typical of 3 independent
experiments.
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Since microtubule spindle reassembly was slower when ILK function was
inhibited, I wondered if the spindle microtubules were also less dynamic, with slower
tubulin turnover. Alpha-tubulin is acetylated over time (Webster and Borisy, 1989) and
can be used as a marker for more stable, long-lived microtubules in the mitotic spindle. I
quantified the levels of α-tubulin acetylation relative to total alpha-tubulin in the spindles
of control cells and QLT-0267-treated HeLa cells (Figures 3.4C, 3.4D). Consistent with
the view that microtubule acetylation occurs in the more stable kinetochore fibers
(Wilson et al., 1994), the level of α-tubulin acetylation in control cells was relatively low
in prometaphase, and became more prominent by metaphase (Figure A.2).
Interestingly, in QLT-0267-treated cells, despite the absence of a metaphase plate, the
intensity of alpha-tubulin acetylation was much higher than in prometaphase control
cells (Figure 3.4D), and was comparable to metaphase control cells (Figure A.2),
suggesting that the ILK inhibition resulted in a population of microtubules that were
more stable than normal.
(C)
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(D)

Figure 3.4 (C-D) ILK inhibition increases microtubule stability during mitosis.
Representative immunofluorescence images of mitotic HeLa cells that were treated with
DMSO or 10 μM QLT-0267 for 6 hours, then immunostained with anti-acetylated αtubulin (green) and anti-α-tubulin (red). QLT-0267-treated cells showed a higher
proportion of acetylated α-tubulin relative to the total amount of α-tubulin when
compared to normal prometaphase cells. Bar = 10 μm. (D-E) Quantification of the
integrated density of acetylated α-tubulin immunofluorescence signal relative to that of
total α-tubulin. Results represent mean ± S.E.M., (N=15 for DMSO prometaphase, N=20
for QLT-0267) and are typical of 2 independent experiments.

These observations are consistent with previous reports of slower microtubule
regrowth following depletion of ch-TOG (Cassimeris et al., 2009), and ch-TOG had been
shown to be essential for promoting microtubule growth near the centrosome (Barr and
Gergely, 2008). Shorter microtubules have also been observed with mutations of chTOG homologs in C. elegans (Zyg-9) and Arabidopsis (MOR1) (Matthews et al., 1998;
Srayko et al., 2003; Whittington et al., 2001). In addition, ch-TOG and TACC3 depletion
both appeared to increase acetylation of α-tubulin in the mitotic spindle and were
believed to function together to establish a dynamic microtubule population (Barr and
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Gergely, 2008). Therefore, ILK activity is probably also involved in maintaining a
population of dynamic microtubules in mitosis through its influence on the interaction
between ch-TOG and TACC3.
Interestingly, another ILK-regulated protein, β-catenin (Novak et al., 1998), had
been reported to localize to the centrosome, where it had a role in establishing a bipolar
mitotic spindle (Kaplan et al., 2004), and also in regulating microtubule regrowth (Huang
et al., 2007). It is likely that ILK activity regulates microtubule assembly and turnover
through its influence on the ch-TOG/Aurora-A/TACC3 complex but I cannot rule out the
possibility of ILK’s effects on other centrosomal proteins such as β-catenin.

3.5.

Generation of stable ILK-overexpressing HeLa cell clones
Although QLT-0267 is highly selective for ILK's kinase activity, as with all small

molecule inhibitors there is always the possibility of off-target effects. To address this
issue, I decided to overexpress ILK in HeLa cells as a different approach to see whether
overexpression of ILK and exposure to QLT-0267 would result in opposite effects in
cells. Flag-ILK or Flag-vector were introduced into HeLa cells using lentiviral
transduction and cells were selected with puromycin for two weeks to obtain a
population of cells that were stably expressing Flag-ILK or the vector. Single cells from
the bulk population were then expanded and the levels of Flag-ILK were analyzed by
western blot (Figure A.3). Out of 5 clones expressing Flag-ILK, the 2 clones with the
highest levels of Flag-ILK (ILK 7 and ILK 10) were selected for use, while 2 vector
control clones (Vector 6 and Vector 8) were selected at random. The expression of
Flag-ILK was confirmed by western blot (Figure 5A) and the levels of ILK
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overexpression were estimated by quantifying the signal intensity of the bands. The
ratio of Flag-ILK to endogenous ILK was 0.86 in ILK 7 and 1.75 in ILK 10. This level of
overexpression was modest and suitable for further experiments because with higher
levels of overexpression, there would be a concern of artifactual results due to the sheer
amount of overexpressed protein that could cause unspecific protein interactions or
activity.
(A)

(B)
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(C)

(D)
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Figure 3.5 Generation of HeLa cell clones that stably overexpress Flag-ILK.
(A) Flag-vector or Flag-ILK was stably introduced into parental HeLa cells by lentiviral
transduction. Single cell clones were expanded from the bulk culture and 4 clones were
selected for further experimentation - 2 vector control clones (Vector 6 and Vector 8),
and 2 Flag-ILK-expressing clones (ILK 7 and ILK 10). The expression of exogenous
Flag-ILK was confirmed by western blot, with the exogenous to endogenous ILK ratio
being 0.86 and 1.75 for ILK 7 and ILK 10 respectively. (B) Representative live cell
phase images of the HeLa cell clones Vector 6, Vector 8, ILK 7 and ILK 10. Bar = 100
μm. (C) The clones were fixed and immunostained with anti-paxillin and anti-flag to
determine the localization of Flag-ILK to the focal adhesions (arrowed). Bar = 20 μm.
(D) Western blot analysis of mitotic spindle fractions of the HeLa clones to confirm the
presence of Flag-ILK at the mitotic spindle.

The overexpression of ILK had been reported to result in epithelial-mesenchymal
transition (EMT) (Novak et al., 1998; Wu et al., 1998). Phase images of the live cells
showed that ILK 7 and ILK 10 cells appeared to be slightly more elongated and
mesenchymal when compared to Vector 6 and Vector 8, consistent with an activation of
EMT (Figure 5B). The control cells (Vector 6 and Vector 8) retained an epithelial-like
morphology resembling that of the parental HeLa cells. In addition, immunofluorescence
analysis was performed to assess the localization of Flag-ILK in the cells (Figure 5C).
Paxillin, a focal adhesion protein and ILK binding partner, was used as a marker
for focal adhesions. Flag-ILK was observed to localize with paxillin in ILK 7 and ILK 10,
whereas no Flag staining was observed in the control cells. Unfortunately, centrosomal
localization could not be seen in the cells during co-staining with γ-tubulin, even after
lysing the cells with detergent to remove the soluble fraction prior to fixation (data not
shown). This was unsurprising due to the relatively modest Flag-ILK expression in the
stable cell lines. Previous immunofluorescence staining of transiently transfected cells
performed by others in the Dedhar laboratory, using the same anti-Flag antibody,
showed only very weak signal at the centrosome, even though transient transfections
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typically resulted in much higher levels of Flag-ILK expression (data not shown).
Therefore, the localization of Flag-ILK to the centrosome was ascertained indirectly by
western blot analysis of mitotic spindle fractions from the cells (Figure 5D). The same
protocol for isolating mitotic spindle fractions was also utilized in a previously published
report to confirm ch-TOG and RUVBL1 as binding partners of ILK at the centrosome
(Fielding et al., 2008b). Figure 5D showed that Flag-ILK was present in the spindle
fractions of ILK 7 and ILK 10, but not the control cells.

3.6.

Overexpression of ILK is associated with faster mitotic progression
The pharmacological inhibition of ILK by QLT0267 had previously been reported

to block mitotic progression and increase mitotic index (Fielding et al., 2008b). To test if
these effects were ILK-specific, and whether overexpression of ILK would have an
opposite effect, I monitored mitotic progression in the HeLa cell line stably
overexpressing ILK (ILK 10) and the vector control (Vector 8). I chose to only use ILK
10 instead of ILK 7 for the next few experiments because of the relatively lower level of
Flag-ILK expression in ILK 7, which was less than one fold over endogenous ILK, as
seen in the previous section in Figure 5A. The choice of Vector 8 over Vector 6 was
made at random. Live cells were imaged under phase contrast every 2 minutes for 10
hours, and the resulting series of time-lapse images were used to estimate the time
taken to complete each stage of mitosis.
The classical events used to define prophase include centrosome separation,
chromosome condensation and cell rounding (in adherent cells) (Gavet and Pines,
2010). Among the 3 events, cell rounding was the only one that was visible and readily
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identifiable in the images. Therefore, the first observable shrinking of cells was defined
as the start of mitosis (Figure 6A). The transition from prophase to prometaphase was
not measured, because nuclear envelope breakdown (NEBD), which usually marks this
transition (Burke and Ellenberg, 2002), could not be visualized in the images. The use
of a completely rounded cell as a marker for the start of prometaphase (Bahmanyar et
al., 2008) also proved to be difficult as a metaphase plate was observed in 23% of the
cells before they were completely rounded up (Figure 6B). Two out of 42 ILK 10
cells would even complete mitosis without ever rounding up completely. As a result,
only the combined duration of prophase and prometaphase was measured.
Cells were considered to have entered metaphase at the first frame when a
metaphase plate could clearly be seen (Figure 6A). It should be noted that during the
course of mitosis, the orientation of the spindle was often unstable and the metaphase
plate could be seen to rotate out of view. Therefore it is possible that a metaphase plate
was formed much earlier than observed, if it had occurred at an orientation that
prevented visualization of the metaphase plate. This would result in an overestimation
of the prophase and prometaphase duration, and an underestimation of the metaphase
duration. Anaphase onset was marked by the first observation of the metaphase plate
splitting into two, while the end of mitosis was estimated to occur at the first appearance
of a cleavage furrow (Figure 6A).
ILK overexpression appeared to shorten the duration of mitosis in cells from 145
± 10.9 (mean ± S.E.M.) minutes to 84.0 ± 6.24 minutes (Figure 6C). Specifically, the
time taken to complete prophase and prometaphase was shorter in ILK overexpressing
cells (from 83.8 ± 10.2 minutes in control cells to 51.4 ± 5.74 minutes in ILK
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overexpressing cells) (Figure 6D). The time taken from metaphase to anaphase onset
was also shorter, from 49.2 ± 5.36 minutes in control cells to 20.8 ± 2.11 in ILK
overexpressing cells (Figure 6E).
(A)

(B)

(C)

(D)

(E)

Figure 3.6 Time lapse imaging of control Vector 8 and ILK-overexpressing ILK 10
cell undergoing mitosis.
(A) Representative time lapse images of a Vector 8 cell at the various frames used for
estimating the stages of mitosis - duration of prophase and prometaphase (estimated
from cell rounding up to metaphase plate formation), duration of metaphase (from
metaphase plate formation to onset of anaphase, and the end of mitosis (at the first
appearance of a cleavage furrow). Bar = 10 μm. (B) Representative images of cells that
reached metaphase before completely rounding up, precluding the use of a completely
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rounded cell as a marker for prometaphase onset. Top panel: 3 different Vector 8 cells.
Bottom panel: 3 different ILK 10 cells. Bar = 10 μm. (C-E) Scatter plot of the time (in
minutes) taken by vector control HeLa cells (Vector 8, N=36) and ILK-overexpressing
HeLa cells (ILK 10, N=42) to complete mitosis (C), prophase and prometaphase (D),
and metaphase (E). Results represent mean ± S.E.M., combined from 2 independent
experiments.

Due to the subjective nature of estimating mitotic stages based on cell
morphology, blind scoring of the durations was performed by a second researcher (Dr.
Eiko Kawamura from the Dedhar laboratory). To remove bias, the estimation of the
mitosis durations was carried out by Dr. Kawamura after I had changed the filenames of
the images. She had no prior knowledge of whether the cells being analyzed belonged
to Vector 8 or ILK 10, and having never worked with or seen the cell lines, she was
unable to recognize the ILK overexpressing cell line by morphology. The results were
consistent with the first round of scoring reported here.
The observation of ILK overexpression increasing the speed of mitotic
progression is consistent with the previous finding of QLT-0267 exposure blocking
mitotic progression (Fielding et al., 2008b). The shorter metaphase-anaphase duration
could probably be attributed to weakening of the spindle assembly checkpoint (SAC).
Indeed, Aurora A kinase overexpression had been reported to induce spindle
checkpoint override in HeLa cells, despite the presence of defective spindles and
persistent checkpoint activation via Mad2 (Anand et al., 2003).
Another possible explanation for the shorter prophase and prometaphase
duration seen in ILK 10 cells could be an increase in microtubule dynamics. While
chromosome capture is no longer as simple as was proposed in the "search-andcapture" model, dynamic microtubules have been shown to be essential for efficient
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capture and biorientation of chromosomes (Huang and Huffaker, 2006). Moreover,
microtubule dynamics is recognized to be a vital component in all stages of mitosis
(Kline-Smith and Walczak, 2004), and it is likely that ILK overexpression could have a
role in enhancing microtubule dynamics.

3.7.

Overexpression of ILK is associated with increased aneuploidy
In the previous section, the observation of ILK overexpresing cells progressing

faster through metaphase raised the possibility that ILK overexpression may influence
the spindle assembly checkpoint (SAC). The visualization of a metaphase plate did not
necessarily mean that all chromosomes had aligned at the metaphase plate. A small
number of chromosomes that remained unattached, but were not visible in the images,
would keep the spindle assembly checkpoint activated and delay anaphase onset. With
the shorter metaphase duration, ILK-overexpressing cells could be completing
kinetochore attachments at a faster rate (possibly due to increased microtubule
dynamics), and/or overriding the SAC to enter anaphase with unattached or incorrectly
attached chromosomes. A consequence of the latter scenario would be chromosomal
aneuploidy.
To test for the presence of hyperploidy in ILK overexpressing cells, I performed
cell cycle analysis on Vector 8 and ILK 10, and looked for signs of DNA aneuploidy.
Appropriate gating was carried out to ensure that only single cells were included for
analysis and that clumps of 2 or more cells were excluded (details are in Chapter 2).
The proportion of cells in each cell cycle stage was estimated using the Dean-Jett-Fox
cell cycle analysis algorithm, which is available in the FlowJo software (Figure 7A).
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While there was no reproducible pattern of the cell cycle stages seen in biological
duplicate profiles, the proportion of hyperploid (>4N) cells was higher in ILK 10
compared to Vector 8 (Figure 7B). A G2/M cell would have duplicated its DNA content
and contained twice the diploid DNA content (4N). Any cell with >4N DNA content was
considered to be hyperploid, possessing more than the normal complement of DNA.

(A)

(B)
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Figure 3.7 ILK overexpression is associated with increased polyploidy.
Asynchronous cultures of Vector 8 and ILK 10 cells were fixed and analyzed by FACS
to determine the amount of DNA content present in the cells. (A) Representative cell
cycle profiles of Vector 8 and ILK 10 cells. The Dean-Jett-Fox algorithm from the FlowJo
software was used to estimate the proportion of cells in each cell cycle stage. N = 5,000
cells per sample. (B) Cell cycle profiles of Vector 8 and ILK 10 did not reveal
reproducible patterns in two independent experiments (Replicate 1 and Replicate 2),
except for a higher proportion of ILK 10 cells containing more than 4N DNA content
(enlarged in right panels). Results represent mean ± S.E.M. of triplicate readings, N
(replicate 1) = 10,000 cells at Passage 13 per sample, N (replicate 2) = 5,000 cells at
Passage 9 per sample.

The results suggested that ILK overexpression might be causing an increase in
aneuploidy. One possible explanation could be that ILK overexpression somehow
overrode the SAC and unattached sister chromatids were left unsegregated, resulting in
the observed DNA aneuploidy.
It should be noted that there was a 4- to 6-fold increase in the amount of
hyperploid cells in the second experiment (replicate 2, cells at Passage 9) compared to
the first experiment (replicate 1, cells at Passage 13). If ILK overexpression was
resulting in aneuploidy, the proportion of hyperploid cells should increase with time and
passage number. However, the biological replicates were not from the same continuous
culture, i.e., replicate 1 was performed in cultures grown from an early passage cryostock, while replicate 2 was obtained at a later time from cultures that were grown from
another cryovial of the same early passage stock. It is possible that cells from the two
experiments went through chromosome misegregation errors of differing severity in the
earlier passages after thawing, and these differences were accumulated and amplified
over time, resulting in a different proportion of hyperploid cells. Nonetheless, the trend
of increased aneuploidy in ILK 10 cells remained consistent over the two experiments.
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Finally, using cell cycle analysis to detect DNA aneuploidy at the population level
does not definitively prove that ILK overexpression was overriding the SAC and causing
chromosome aneuploidy through misegregation errors. A more conclusive approach
would be to follow single cells by first checking that spindle checkpoint proteins such as
Mad2 were still active and localized to kinetochores of unattached chromosomes. It will
then be interesting to see if ILK overexpressing cells would still proceed with anaphase
even in the presence of unattached chromosomes that contained active checkpoint
proteins. Lastly, a metaphase chromosome spread could be performed to quantify the
frequency of changes to chromosome numbers in ILK overexpressing cells.

3.8.

ILK regulates microtubule dynamics in living interphase HeLa cells
In the earlier experiments, I had found that inhibition of ILK's kinase activity using

QLT-0267 was associated with slower microtubule regrowth and a less dynamic
population of microtubules in mitotic HeLa cells. Overexpression of ILK also resulted in
a faster progression through prophase and prometaphase, suggesting an enhancement
of microtubule dynamics. To directly address ILK's involvement in regulating
microtubule dynamics, I went on to measure the parameters of microtubule dynamic
instability in live Vector 8 and ILK 10 cells.
Venus-tubulin was stably introduced into these 2 cell lines so that fluorescent
microtubules could be visualized and imaged using a spinning disk confocal
microscope. The level of venus-tubulin expression was matched between both cell lines
by sorting cells through fluorescence-activated cell sorting (FACS) and selecting bulk
cells with similar fluorescence levels. Measuring the parameters of microtubule dynamic
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instability required the tracking of individual microtubule tips as they grew or shortened
over time. However, the central spindle of a mitotic cell was too dense for individual
microtubules to be seen, therefore microtubule tips in the lamellar region of interphase
cells were tracked instead (Figure 3.8A). It should be noted that, due to the requirement
of having fluorescent microtubules for visual tracking, it was possible that the
parameters of microtubule dynamics measured using venus-tubulin might not reflect the
true dynamics of microtubules made from endogenous tubulin.
(A)

(B)

(C)

(D)

(E)
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Figure 3.8 ILK regulates microtubule dynamics in living interphase HeLa cells.
(A) Representative time-lapse images of microtubule ends in a living ILKoverexpressing HeLa cell (ILK 10) that was stably expressing venus-tubulin. Images
were obtained every 3 s to track the movement of microtubule tips. This series of
images shows a microtubule tip near the cell cortex (tracked by a blue dot) pausing from
3 s to 6s, then shortening from 6 s to 12 s. Bar = 2 μm. (B-D) QLT-0267 suppresses,
while ILK overexpression increases, microtubule dynamic instability. HeLa clones
Vector 8 and ILK 10 were stably transfected with venus-tubulin. The rates and
parameters of microtubule dynamic instability were measured between control (Vector
8) and ILK overexpressing (ILK 10) cells, as well as between DMSO- or QLT-0267treated Vector 8 cells. The two controls ("DMSO" and "Vector control") were normalized
to 100%. Bar graphs show mean ± S.E.M., N= 75 (DMSO), 77 (QLT0267), 54 (Vector
control), 46 (ILK overexpression) from 3 independent experiments.
I investigated ILK’s role in regulating microtubule dynamic instability using two
approaches – testing (1) the effect of ILK inhibition by comparing DMSO and QLT0267treated Vector 8 cells and (2) the effect of ILK overexpression by comparing untreated
Vector 8 and ILK 10 cells. The living cells were imaged every 3 seconds to record the
movements of the microtubules. After tracking and measuring the distance traveled by
individual microtubule tips, the parameters of dynamic instability were calculated (as
detailed in Chapter 2.9) and tabulated (Tables 1 and 2). Table 3 summarizes the
percentage changes of parameters that showed a significant difference due to either
QLT-0267 exposure or ILK overexpression.
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Table 3.1: Parameters of dynamic instability in HeLa cells with DMSO or QLT-0267
treatment
Effects of 6-hr 10 μM QLT-0267 treatment on parameters of microtubule dynamic instability
in HeLa cells
Parameter
Number of cells
Number of microtubules
Growth rate (μm/min)
Shortening rate (μm/min)
Growth (% of lifespan)
Shortening (% of lifespan)
Pause (% of lifespan)
Dynamicity (μm/min)
Catastrophe frequency (events/min)
Rescue frequency (events/min)
Catastrophe frequency (events/μm)
Rescue frequency (events/μm)
Values are expressed as mean ± S.E.M.
** p<0.01
*** p<0.001

DMSO
12
75
14.4 ± 0.77
22.0 ± 1.78
18.1 ± 1.59
14.2 ± 1.59
72.8 ± 2.10
7.43 ± 0.60
2.00 ± 0.23
8.81 ± 0.86
0.54 ± 0.09
0.40 ± 0.05

QLT-0267
14
77
12.7 ± 0.75
17.4 ± 1.73
12.4 ± 1.33 **
8.28 ± 1.90 **
81.9 ± 1.64 ***
4.40 ± 0.51 ***
1.20 ± 0.14 **
10.76 ± 0.96
0.64 ± 0.11
0.65 ± 0.07 **

Change
-32%
-42%
+13%
-41%
-40%
+63%

Table 3.2: Parameters of dynamic instability in control and ILK overexpressing
HeLa cells
Effects of ILK overexpression on parameters of microtubule dynamic instability in HeLa cells
Parameter
Number of cells
Number of microtubules
Growth rate (μm/min)
Shortening rate (μm/min)
Growth (% of lifespan)
Shortening (% of lifespan)
Pause (% of lifespan)
Dynamicity (μm/min)
Catastrophe frequency (events/min)
Rescue frequency (events/min)
Catastrophe frequency (events/μm)
Rescue frequency (events/μm)
Values are expressed as mean ± S.E.M.
** p<0.01
*** p<0.001

Vector control
11
54
14.2 ± 0.83
19.5 ± 2.51
16.3 ± 1.75
10.0 ± 1.62
73.7 ± 2.26
6.02 ± 0.68
1.47 ± 0.23
8.33 ± 1.17
0.67 ± 0.15
0.49 ± 0.08

ILK overexpression
13
46
15.0 ± 1.10
29.9 ± 1.95 **
17.6 ± 2.55
19.6 ± 1.95 ***
62.8 ± 2.73 **
8.95 ± 0.69
2.44 ± 0.26 **
10.6 ± 0.93
0.77 ± 0.07
0.45 ± 0.06

Change
+53%
+96%
-15%
+49%
+66%
-
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Table 3.3: Summary of the effects of QLT-0267 treatment or ILK overexpression
on parameters of dynamic instability in HeLa cells
Effects of ILK overexpression/QLT-0267 on parameters of microtubule dynamic
instability in HeLa cells
Parameter
QLT
Growth rate (μm/min)
Shortening rate (μm/min)
Growth (% of lifespan)
** -32%
Shortening (% of lifespan)
** -42%
Pause (% of lifespan)
*** +13%
Dynamicity (μm/min)
*** -41%
Catastrophe frequency (events/min)
** -40%
Rescue frequency (events/min)
Catastrophe frequency (events/μm)
Rescue frequency (events/μm)
** +63%
Values are expressed as percentage change over control
** p<0.01
*** p<0.001

ILK o/e
** +53%
*** +96%
** -15%
** +49%
** +66%

Four of the parameters (% time spent shortening, % time spent pausing,
dynamicity and time-based catastrophe frequency) were significantly altered and
exhibited opposite effects when ILK was inhibited or overexpressed (Figures 3.8B-E).
With QLT-0267 treatment, microtubules spent 42% less time shortening and 13% more
time pausing, while the opposite was observed with ILK overexpression – 96% more
time spent shortening, and 15% less time pausing (Figures 3.8B, C). Microtubule
dynamicity reflects the total length grown or shortened at the microtubule ends and is a
measure of overall dynamic instability. This parameter was suppressed by 41% after
QLT-0267 treatment, but became elevated by 49% with ILK overexpression (Figure
3.8D). Similarly, ILK inhibition reduced the time-based catastrophe frequency (the
frequency of transition from growing or pausing, to shortening phases, over time) by
40%, while ILK overexpression increased the catastrophe frequency by 66%.
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There were a few parameters that didn't show concordance between both
approaches (compare Tables 1 and 2). For example, the distance-based rescue
frequency of microtubules was significantly elevated in QLT-0267-treated cells
compared to DMSO control cells, but the Student's t-test was not significant between
vector control and ILK overexpressing cells. This could be due to the inherent variability
in

the

standard

method

of

measuring

microtubule

dynamic

instability.

The

spatiotemporal nature of microtubule dynamics regulation would suggest that simply
measuring the means of parameters might not provide the full and accurate picture of
microtubule dynamics. Furthermore, the measured length fluctuations would also
include structural changes. The ends of microtubules are seldom blunt, and elongating
microtubules often have sheets and flared, or tapered ends (Arnal et al., 2000; Chretien
et al., 1995; Hoog et al., 2007; Zovko et al., 2008). Due to the limits of microscopy
resolution, structural changes such as sheet closure into a cylinder would be seen as
growth (Chretien et al., 1995). This study therefore cannot rule out any effect of QLT0267 or ILK overexpression on such structural changes on top of tubulin addition/loss.
Nevertheless, the method used here follows the standard method used in various
published studies to facilitate data analysis and comparison with those studies
(Goncalves et al., 2001; Yvon et al., 1999), and the data suggested that microtubule
dynamics was suppressed by QLT-0267 and enhanced by ILK overexpression.
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3.9.

ILK overexpression is associated with paclitaxel resistance in HeLa

cells
The findings so far suggested a role for ILK's kinase activity in regulating
microtubule dynamics and mitotic progression. Overexpressing ILK in HeLa cells
appeared to enhance microtubule dynamics and since ILK expression is often elevated
in many cancer types (McDonald et al., 2008), I wanted to test the effect of ILK
overexpression on cells' sensitivity to paclitaxel, a compound that targets microtubule
dynamics. Paclitaxel and related taxanes are commonly used in the treatment of a
range of epithelial cancers (Rowinsky, 1997) and these compounds arrest mitosis by
stabilizing microtubules and suppressing microtubule dynamics (Jordan et al., 1993;
Yvon et al., 1999).
A cell viability test was carried out using the MTT ((3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) assay. The control HeLa cell lines Vector 6, Vector 8,
and ILK overexpressing cell lines ILK 7 and ILK 10 were exposed to a range of
paclitaxel concentration over 48 hours before the percentage of viable cells was
estimated using the MTT assay. An initial paclitaxel dose curve on Vector 8 was done
with a 24-hour or 48-hour drug treatment (Figures A.4A and A.4B), and it appeared that
a 24-hour exposure to paclitaxel was too short for drug cytotoxicity to have a significant
effect on cell number. At 48 hours of paclitaxel treatment, the ILK overexpressing cell
lines ILK 7 and ILK 10 were observed to be less sensitive to paclitaxel (IC50 10 nM and
25 nM respectively), when compared to the controls Vector 6 (IC50 6.5 nM) and Vector 8
(IC50 4 nM) (Figure 3.9A).
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(A)

(B)

(C)

Figure 3.9 ILK overexpression is associated with paclitaxel resistance in HeLa
cells.
(A) Percentage viability of HeLa clones (control: Vector 6 and Vector 8; ILK
overexpressing: ILK 7 and ILK 10) after various concentrations of paclitaxel treatment
for 48 hours. Results indicate mean ± S.E.M., and are representative of 3 independent
experiments. Dotted lines serve as a guide to determine IC50 concentration.
(B) Parental HeLa cells were treated with a range of paclitaxel for 20 hours before
fixation and immunostaining with anti-α-tubulin to determine the mitotic index. Bar graph
shows mean ± S.E.M., N>300 cells, from 1 experiment. (C) Mitotic index of control cells
Vector 8 and ILK overexpressing cells ILK 10 after 48 hours of DMSO or 10 nM
paclitaxel treatment. Bar graph shows mean ± S.E.M., N>1000 cells, from 2
independent experiments

Since the MTT assay is a measure of metabolic rate based on the reduction of
MTT to formazan, the higher absorbance readings from the ILK overexpressing cell
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lines may not necessarily indicate a higher number of viable cells. ILK is known to
positively regulate proliferation (McDonald et al., 2008), and proliferation is intimately
linked to metabolism in cancer cells (Fritz and Fajas, 2010). Therefore, there is a
concern that the ILK overexpressing cell lines were actually showing a higher metabolic
rate rather than a bigger number of viable cells. However, within each cell line, the
absorbance readings for each paclitaxel concentration were converted to a percentage
of the untreated cells (described in Section 2.5) and any difference in metabolic rates
between the cell lines would not be reflected in the data. Nevertheless, the data does
not exclude the possibility that the metabolic rates of the cell lines might be altered to
different extents after paclitaxel exposure. An alternative approach, such as counting
the viable cells in a well using the trypan blue dye exclusion test, might provide another
method of estimating cell viability.
Paclitaxel is known to increase mitotic index by stabilizing microtubules, causing
mitotic arrest and activating the spindle assembly checkpoint (Sudo et al., 2004).
Therefore, I proceeded to assess whether ILK overexpression had any effect on the
paclitaxel-induced increase in mitotic index. An initial experiment was carried out on the
parental HeLa cells to check the effect of a 20-hour paclitaxel exposure to the mitotic
index (Figure 3.9B). Consistent with a doubling time of around 24 hours, a 100% mitotic
index was observed with 20 nM paclitaxel after a 20-hour drug treatment. The halfmaximal blocking of mitosis occurred at slightly above 7 nM, which is also consistent
with the 8 nM reported in the literature for HeLa cells (Jordan et al., 1993). The mitotic
indices of the stable cell lines Vector 8 and ILK 10 were then determined after exposing
them to 48 hours (the same duration used for the MTT assay) to 10 nM paclitaxel
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(Figure 3.9C). Without paclitaxel treatment, both cell lines had comparable mitotic
indices at 2.2% for Vector 8 and 2.3% for ILK 10 (Figure 3.9C), which were consistent
with the mitotic index of untreated parental HeLa cells (Figure 3.9B, 0 nM). When Vector
8 cells were subjected to 10 nM paclitaxel, the mitotic index increased to 10.3%, but this
increase was much more muted in ILK 10 at 6.4% (Figure 3.9C), suggesting reduced
paclitaxel sensitivity in these cells.
It should be noted that despite a 48-hour treatment of 10 nM paclitaxel, the
mitotic indices of Vector 8 and ILK 10 were nowhere near 100%. With the parental HeLa
cells, the shorter 20-hour treatment with 10 nM paclitaxel had already resulted in an
80% mitotic index. The lower mitotic indices observed in the stable clones after a 48hour treatment was likely due to mitotic slippage (Andreassen and Margolis, 1991;
Rudner and Murray, 1996; Weaver and Cleveland, 2005). Hence, the lower mitotic
index seen with ILK overexpression might be due to enhanced paclitaxel resistance by
countering the drug's microtubule stabilizing effect and allowing cells to complete
mitosis, or it could be due to an increased rate of mitotic slippage. A further way to
resolve this uncertainty would be to perform live cell imaging to monitor the fate of
mitotic cells treated with paclitaxel and see if they could successfully complete mitosis
or undergo mitotic slippage.
While not completely definitive, the observations of higher IC 50 values in the MTT
assay and a lower paclitaxel-induced increase in mitotic index strongly suggest that ILK
overexpression might lead to paclitaxel resistance in HeLa cells.
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Chapter 4. Discussion
ILK localizes to both the focal adhesions and centrosomes in distinct multiprotein
complexes. Its dual functions as a kinase and scaffolding protein had been well
characterized at the focal adhesions, while its functions at the centrosomes had only
been studied more recently. In this study, I sought to address the function of ILK's
kinase activity at the centrosome, separate from a possible scaffolding function of the
protein. To do this, I utilized pharmacological inhibition of ILK by a small molecule
inhibitor, QLT-0267, to characterize the aberrant spindle phenotype that was previously
observed with both ILK inhibition and knockdown (Fielding et al., 2008b). The small
molecule inhibitor QLT-0267 had previously been described to be highly selective for
ILK phosphotransferase activity (Younes et al., 2005), and inhibited ILK kinase activity
with a half maximal inhibitory concentration (IC50) of between 2-5 μM, depending on cell
type (Troussard et al., 2006). This concentration correlated well with the appearance of
aberrant spindles in HeLa cells, whereas at 10 μM, which is the concentration used in
this study, 100% of mitotic cells exhibited spindle defects (Fielding et al., 2008b).
A drawback of using a small molecule inhibitor is that complete specificity against
ILK kinase activity cannot be achieved. While our knowledge of ILK's role at the
centrosomes is still incomplete, ILK's role as an adaptor protein at the focal adhesions
suggested the possibility of a similar adaptor role at the centrosomes, and precluded the
use of siRNA as an experimental approach. Any effect seen with ILK knockdown could
be attributed to the lack of kinase activity, but could also be due to the loss of adaptor
function. To circumvent this drawback, I complemented the use of QLT-0267 with
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overexpression of ILK in HeLa cells when measuring microtubule dynamics. The level of
expression of exogenous flag-tagged ILK was less than two times that of endogenous
ILK to prevent excessive protein overexpression that could result in unspecific protein
interactions or activity.
This study has demonstrated that while ILK inhibition with QLT-0267 resulted in a
highly disorganized mitotic spindle and misaligned chromosomes, the microtubules
were not dramatically destabilized, as evidenced by the presence of calcium-stable
microtubules. Unexpectedly, higher than normal inter-centromere tension was observed
in QLT-0267-treated HeLa cells. This result suggested an alteration in spindle
microtubule dynamics, because microtubule dynamics, rather than microtubule motors,
is thought to be the primary mechanism by which a cell controls centromere stretching
and relaxation (Kelling et al., 2003). QLT-0267 treatment also resulted in other effects
on microtubule dynamics of the mitotic spindle in HeLa cells, including a slower rate of
microtubule regrowth after cold depolymerization, and higher levels of acetylated αtubulin that suggested the presence of a population of more stable microtubules. As
mentioned in the results chapter (Chapter 3), slower microtubule regrowth had
previously been observed with ch-TOG and TACC3 depletion (Cassimeris et al., 2009;
Gergely et al., 2003), and increased acetylated α-tubulin levels had also been reported
with ch-TOG depletion (Barr and Gergely, 2008). Both ch-TOG and TACC3 are well
known for their roles in controlling global microtubule dynamics in early mitosis (Barr
and Gergely, 2008), and phosphorylation of TACC3 in the Aurora-A/ch-TOG/TACC3
complex is required for their proper function in mitotic spindle assembly (Barr and
Gergely, 2007). Since treatment of cells with QLT-0267 disrupts the complex formation
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of Aurora A-ch-TOG/TACC3 (Fielding et al., 2008b) and decreases the Aurora Adependent phosphorylation of TACC3 at Ser 558 (Fielding et al., 2011), it is therefore
likely that the suppression of spindle microtubule dynamics seen in this study was
mediated through ch-TOG and TACC3.
To further confirm the possible role of ILK's kinase activity in regulating mitotic
spindle dynamics, future work could include repeating these experiments using a
kinase-deficient form of ILK by making a lysine to alanine mutation at K220, the residue
that is required for ILK's maximal catalytic activity (Maydan et al., 2010). In addition,
rescue

experiments

could

also

be

performed

with

ch-TOG

and

TACC3

depletion/overexpression to provide additional evidence that the observations made in
this study were indeed mediated through ch-TOG and TACC3. In this study, the
regulation of microtubule dynamics by ILK in mitosis was further confirmed by following
ILK overexpressing cells through mitotic progression. Given the importance of
microtubule dynamics in all stages of mitosis (Kline-Smith et al., 2005), the faster mitotic
progression observed in ILK overexpressing cells suggested an enhancement of
microtubule dynamics. Of course, the data could not rule out the possibility of a
weakened spindle assembly checkpoint (SAC), or other mechanisms by which cells
could bypass the SAC, such as an increase in Aurora A level and activity (Anand et al.,
2003).
In interphase HeLa cells, QLT-0267 also suppressed microtubule dynamics, as
demonstrated by less time spent shortening and more time spent pausing. The timebased catastrophe frequency was also decreased by QLT-0267, as was the overall
dynamicity. These four parameters were altered in the opposite manner in ILK
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overexpressing HeLa cells, suggesting that QLT-0267's effects on microtubule
dynamics could be mediated through inhibition of ILK's kinase activity. However, since
microtubule dynamics regulation is cell cycle dependent (Rusan et al., 2001; Zhai et al.,
1996), the changes in microtubule dynamics seen in interphase cells here might not
necessarily reflect the effects of QLT-0267 treatment or ILK overexpression on mitotic
cells. Moreover, unlike in mitotic cells, it is less clear whether the effects seen in
interphase cells were mediated by ch-TOG.
Even though ch-TOG is currently viewed as one of the predominant regulators of
microtubule dynamics in mitosis, there is conflicting data on its role in interphase
microtubule dynamics. In the budding yeast, depletion of Stu2p (a homolog of ch-TOG)
decreased catastrophe frequency and dynamicity in vivo, as was observed with QLT0267 treatment (Kosco et al., 2001). On the other hand, siRNA knockdown of ch-TOG in
HeLa cells increased the time-based catastrophe frequency of microtubules (van der
Vaart et al., 2011), which would be inconsistent with ch-TOG acting downstream of ILK,
since ILK overexpression also increased the time-based catastrophe frequency. Yet
another study in human leukemia cells showed that overexpression of ch-TOG resulted
in destabilization of interphase microtubules (Holmfeldt et al., 2004). There is also the
possibility that ILK might also regulate microtubule dynamics through its interaction with
RUVBL1. ILK and RUVBL1 are mutually required for their localization to the
centrosomes (Fielding et al., 2008b), and RUVBL1 has been implicated in spindle
assembly (Ducat et al., 2008; Gartner et al., 2003), but unfortunately, this aspect of
RUVBL1's wide range of functions has not been well studied.
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The targeting of microtubule dynamics is a common strategy in chemotherapy,
and paclitaxel-mediated suppression of microtubule dynamics has been well studied
both in isolated microtubules and living cells (Jordan et al., 1993; Yvon et al.,
1999). The effects of QLT0267 on microtubule dynamic instability seen here were
similar to those reported for paclitaxel – reduced dynamicity and an increase in
distance-based rescue frequency (Jordan et al., 1993; Yvon et al., 1999). Paclitaxel is
also known to reduce the rate of microtubule shortening and microtubule dynamicity
(Jordan et al., 1993; Yvon et al., 1999), and both parameters were enhanced with ILK
overexpression. This raised the question of whether ILK overexpression might influence
microtubule dynamics in a way that would counter paclitaxel’s effects and alter drug
sensitivity. Increased microtubule dynamics have been associated with paclitaxel
resistance, with microtubules in paclitaxel-resistant cell lines exhibiting increased
shortening rates, lower percentage time pausing, and higher microtubule dynamicity
(Goncalves et al., 2001), all of which were observed in the ILK-overexpressing cells.
Indeed, the ILK overexpressing HeLa cells in this study showed increased MTT assay
readout and a muted increase in mitotic index after long-term paclitaxel treatment,
suggesting reduced sensitivity to the drug.
Enhancement of microtubule dynamics thus appears to be one of the
mechanisms by which ILK overexpression induces paclitaxel resistance, and this has
important clinical implications because elevated ILK levels have been found in many
cancer types (McDonald et al., 2008). We would then expect inhibition of ILK activity by
QLT-0267 to complement paclitaxel treatment, but one study that looked at cell viability
after combination therapy with paclitaxel and QLT-0267 on breast cancer cell lines had
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found the two drugs to be antagonistic, while treatment with QLT0267 and docetaxel (a
synthetic analogue of paclitaxel) proved to be synergistic (Kalra et al., 2009). Given the
multiple functions of ILK, it is certainly possible that the perturbation of other important
ILK-regulated signaling pathways by QLT-0267 had come into play. Nevertheless, it will
be useful to look for any correlation between ILK expression and paclitaxel resistance in
clinical samples, and to consider alternative drug therapies that take into consideration
ILK’s enhancement of microtubule dynamics.
It should be noted that the data presented in this thesis do not rule out other
possible mechanisms of ILK-mediated paclitaxel resistance. Again, the possibility of a
weakened SAC, as suggested by the shorter metaphase-anaphase duration in ILK
overexpressing mitotic HeLa cells, could contribute to cells overcoming paclitaxelinduced mitotic arrest. Furthermore, the activation of survival pathways such as
PI3k/AKT has been known to confer resistance to paclitaxel (Hu et al., 2002), and ILK
regulates cell survival through phosphorylation and activation of AKT (Delcommenne et
al., 1998).
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Chapter 5. Conclusions and future research directions
In summary, the work in this thesis suggested a role for ILK's kinase activity in
regulating microtubule dynamics in interphase and mitotic HeLa cells. The defective
spindle phenotype observed with QLT-0267 treatment could be attributed to a
suppression of spindle microtubule dynamics that interfered with spindle assembly. A
second finding was that overexpression of ILK could mediate paclitaxel resistance,
possibly through the enhancement of microtubule dynamics. Finally, this study
presented a novel mechanism of action for the small molecule inhibitor, QLT-0267,
through the suppression of microtubule dynamics in HeLa cells.
Many questions remain unanswered regarding ILK's role and function at the
centrosomes, one of them being whether ILK overexpression might interfere with the
spindle assembly checkpoint (SAC). Aurora A overexpression had previously been
shown to perturb the function of Bub1 (a SAC protein), resulting in a weakened SAC
and paclitaxel resistance (Anand et al., 2003). Since ILK kinase activity regulates the
interactions of Aurora A during mitosis, and both proteins are known to be
overexpressed in epithelial cancers (Gritsko et al., 2003; Negritescu et al., 1976), it will
be particularly interesting to see if ILK overexpression will have the same wide-ranging
implications on mitosis as Aurora A.
The

observation

of

a

shorter

metaphase-anaphase

duration

in

ILK

overexpressing HeLa cells hint at a possible weakening of the SAC. One way to
investigate this possibility is to assess the expression and phosphorylation levels of
SAC

proteins

in

ILK

overexpressing

cells

compared

to

control

cells.
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Immunofluorescence can also be performed to quantify the percentage of cells
undergoing anaphase despite having unaligned chromosomes, and to check whether
SAC proteins such as Mad2 and Bub1 are still present on the unaligned kinetochores.
An alternative approach to look at whether paclitaxel resistance could be mediated by a
weakened checkpoint will be to overexpress SAC proteins, and assessing whether drug
resistance can be reversed.
The regulation of microtubule dynamics by ILK could be mediated through chTOG, but also through binding with RUVBL1. Currently, the functional implication of the
interaction between RUVBL1 and ILK is unknown and represents an area of study that
might yield valuable new insights. Another promising avenue to pursue will be to
investigate the signaling/interaction network of ILK at the centrosomes. Many known
interactors of ILK at the focal adhesions, such as β-catenin, Akt/PKB and GSK3β have
been shown to also localize to and function at the centrosomes (Kaplan et al., 2004;
Wakefield et al., 2003) and are therefore candidate downstream effectors of ILK at this
subcellular localization. An initial phosphoprotein screen had already been performed to
identify a list of putative downstream effectors of ILK at the centrosomes (unpublished
data from the Dedhar laboratory). These proteins have wide-ranging functions that
include histone phosphorylation and binding of insulin receptor substrates. In particular,
TPX2 and zyxin are interesting because TPX2 is known to activate Aurora A (Giubettini
et al., 2011; Kufer et al., 2003), and zyxin is a focal adhesion and centrosomal protein
like ILK that regulates mitosis (Hirota et al., 2000). Furthermore, it is unclear how ILK
function at the centrosome is regulated, and a bioinformatic search of potential kinases
that can phosphorylate ILK will be a good way to start.
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A recent study made the interesting observation that ILK could regulate the local
microtubule dynamics required for plasma membrane targeting of caveolae in mouse
keratinocytes (Wickstrom et al., 2010a). ILK was found to recruit the scaffold protein
IQGAP1 and its downstream effector mDIA1 to nascent, cortical adhesion sites, thereby
inducing local stabilization of microtubules which is required for the proper trafficking of
caveolin-1-containing vesicles. The same study by Wickstrom et al. also measured a
few parameters of microtubule dynamics in interphase mice keratinocytes after Ilk gene
deletion (these mice were named ILK-K5 in their published paper). Surprisingly, the
results were the opposite of those observed in this thesis. In particular, the time-based
catastrophe frequency was enhanced in ILK-K5 cells, while the same was observed in
ILK overexpressing HeLa cells. This difference suggests that ILK's regulation of
microtubule dynamics may be dependent on cell type and function. For example,
caveolae are only abundant in specific cell types such as the smooth muscle cells,
fibroblasts, endothelial cells and adipocytes (Parton and Simons, 2007), and cells that
do not utilize as much caveolae may have markedly different regulation of microtubule
dynamics at the cell periphery.
This study leads to the question of how the two pools of ILK (at the focal
adhesions and centrosomes) cooperate to regulate global and local microtubule
dynamics, and it will be very interesting to investigate the role of ILK in organizing
interphase microtubules and membrane trafficking, especially between different cell
types (including normal and cancer cells).
Finally, in addition to regulating spindle dynamics and centrosome clustering
(Fielding et al., 2011), ILK may have a much more complex role in mitosis. As cells
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round up in mitosis, they disassemble most of their extracellular matrix (ECM) contacts,
remaining attached only by actin-rich retraction fibers (Mitchison, 1992). Integrins are
also important for the process of spindle positioning during mitosis (Thery et al., 2005;
Toyoshima and Nishida, 2007). With its dual localization at the centrosomes and focal
adhesions, as well as roles in regulating the actin and microtubule cytoskeletons, ILK is
an ideal candidate to co-ordinate the disassembly of focal adhesions followed by
cytoskeletal reorganization at the onset of mitosis and spindle positioning.
Our knowledge of the full extent of ILK's role at the centrosomes is still limited,
but there are hints that its centrosomal functions may be as wide-ranging as the ones
that have already been well characterized at the focal adhesions. Taken together with
the potential new roles, ILK is likely to be near the top of a network that controls an
impressive and diverse array of cellular processes and function, and validates the idea
of ILK as an attractive therapeutic target in cancer therapy.
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Appendix A

Figure A.1 Positive control for calcium-induced depolymerization of nonkinetochore microtubules
Representative images of interphase HeLa cells as a positive control for calciuminduced depolymerization of non-kinetochore microtubules. HeLa cells were treated with
DMSO or 10 μM QLT-0267 for 6 hours, and then treated with or without calcium prior to
fixation and immunofluorescence staining. Bar = 10 μm.
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Figure A.2 Quantification of the integrated density of acetylated α-tubulin
immunofluorescence signal relative to that of total α-tubulin
QLT-0267-treated cells typically had a prometaphase-like appearance but showed an
acetylation level closer to that of control metaphase cells than control prometaphase
cells. Results represent mean ± S.E.M., (N= 15 for DMSO prometaphase, 20 for DMSO
metaphase, 20 for QLT-0267) and are typical of 2 independent experiments.

Figure A.3 Western blot to check expression levels stable HeLa clones
expressing Flag-ILK
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(A)

(B)

Figure A.4 Spectrophotometric absorbance readings of Vector 8 cells
Spectrophotometric absorbance readings of Vector 8 cells at various cell numbers and
paclitaxel concentration after (A) 24 hours or (B) 48 hours of paclitaxel treatment. The
amount of absorbance at the wavelength of 570 nm corresponds to the amount of
intracellular purple formazan and is a measure of the number of cells present in the
sample.
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