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Abstract
Integrin-linked kinase (ILK) is a widely expressed scaffold protein important for cell
adhesion, migration, and phagocytosis. ILK and its interacting partner, engulfment and cell
motility protein 2 (ELMO2), may also modulate microtubule dynamics. Here, I show that
sustained microtubule growth and acetylated tubulin levels are reduced in the absence of ILK
and, conversely, that exogenous ILK exerts a stabilizing effect on microtubules. Further,
exogenous ELMO2, ras homology growth related protein (RHOG) and ras-related C3
botulinum toxin substrate 1 (RAC1) stabilize microtubules in an ILK-dependent manner.
Potential downstream effectors of the effect of ILK on microtubule stability include glycogen
synthase kinase- 3 beta (GSK-3β), collapsin response mediator protein 2 (CRMP2) and
stathmin 1 (STMN1). Taken together, my results provide evidence for a novel
RHOG/ILK/ELMO2-RAC1 pathway in differentiated keratinocytes that likely promotes
microtubule stabilization via CRMP2 activation and STMN1 inactivation.

Keywords
Integrin-linked kinase, engulfment and cell motility protein 2, microtubules, epidermis,
keratinocytes.
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Chapter 1 – Introduction
1

Introduction

1.1 Microtubules
Together with intermediate filaments and microfilaments, microtubules constitute an
important component of the cytoskeleton and provide cells with mechanical support.
Microtubules are also critical for a variety of cellular processes, including appropriate
chromosome segregation during cell division, vesicle transport by motor-proteins, and
cell polarization and motility. The characterization of microtubule-interacting proteins is
a relatively new and exciting area of research.

1.1.1 Microtubule structure and polymerization
Microtubules are polymers of a globular protein, called tubulin, which, in turn, is a
heterodimer composed of one α- and one β- tubulin molecule (Weisenberg, 1972).
Tubulin dimers polymerize directionally to form linear protofilaments, thirteen of which
subsequently associate laterally around a hollow core to form a microtubule (Chrétien et
al., 1992). Microtubules have two distinct ends: a slow-growing minus-end, which is
often anchored to and stabilized by a microtubule organizing center (MTOC); and a
dynamic, fast-growing plus-end (Figure 1.1) (Walker et al., 1988).
Microtubule assembly generally starts at a MTOC (Job et al., 2003). In most animal
interphase cells the centrosome is located adjacent to the nucleus, and serves as the major
MTOC (Gotlieb et al., 1983). Asymmetry in the position or activity of the centrosome
contributes to asymmetric microtubule organization in polarized cells (Sugioka and
Sawa, 2012). The formation of new microtubules is initiated at the MTOC by γ-tubulin, a
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Figure 1.1. Microtubule growth and shrinkage. Microtubules are cylindrical polymers
of α-, β-tubulin heterodimers. GTP-bound tubulin heterodimers bind directionally to form
protofilaments, thirteen of which associate around a hollow core to form a microtubule.
Microtubule growth is promoted by microtubules polymerases such as XMAP215.
Shortly after tubulin incorporation into a microtubule, the GTP bound to β-tubulin is
hydrolyzed, which increases the curvature of the tubulin heterodimer and increases strain
in the microtubule lattice, favouring microtubule depolymerization. Loss of the GTPtubulin cap, which is promoted by microtubule depolymerases such as MCAK, Kar3 and
Kip3, results in rapid microtubule depolymerization (termed catastrophe). Figure adapted
from Howard and Hyman, 2009 and Conde and Cáceres, 2009.
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third member of the tubulin family. Complexes of 10 to 13 γ-tubulin molecules form a
ring structure that serves as a nucleation site for the assembly of new microtubules
(Moritz et al., 1995; Zheng et al., 1995). Microtubules subsequently extend outward from
MTOCs in a radial array toward the cell periphery by the addition of α-β tubulin dimers
at their plus-ends (Etienne-Manneville, 2013).

1.1.2 Microtubule dynamic instability
Microtubule plus-ends exhibit a switch-like behavior, known as dynamic instability,
abruptly alternating between successive periods of growth and shrinkage (Kirschner and
Mitchison, 1986). These transitions between polymerization and depolymerization are
locally regulated to function as a search-and-capture mechanism for cellular structures,
such as the kinetochores of chromosomes during mitosis (Lansbergen and Akhmanova,
2006; Kirschner and Mitchison, 1986). Despite the biological importance of this
switching behavior, relatively little is known about its regulation.
In the cell, the β-tubulin molecules found in soluble α-β tubulin dimers are bound to GTP
(Howard and Hyman, 2009). GTP-bound tubulin dimers have a reduced curvature at the
interface between α- and β- tubulin relative to GDP-tubulin, which makes their
incorporation into the straight wall of a microtubule energetically favourable (MüllerReichert et al., 1998). Shortly after a tubulin dimer is incorporated into the growing
microtubule end, the GTP attached to β-tubulin is hydrolyzed to GDP, resulting in an
increase in the curvature of the protofilament. The increased curvature of individual
protofilaments makes the lateral interaction between adjacent tubulin subunits in the
microtubule lattice energetically unfavourable, thereby favouring microtubule
depolymerization (Müller-Reichert et al., 1998; Ravelli et al., 2004). There is some
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latency between tubulin dimer incorporation and the hydrolysis of β-tubulin-bound GTP,
which temporarily provides growing microtubules with a GTP-bound tubulin cap
(Drechsel and Kirschner, 1994; Dimitrov et al., 2008).
The GTP-bound tubulin cap protects microtubules from depolymerization and promotes
sustained growth (Drechsel and Kirschner, 1994; Dimitrov et al., 2008). When the GTPbound tubulin cap is lost, the microtubule undergoes rapid disassembly and shrinkage,
termed catastrophe (Müller-Reichert et al., 1998; Dimitrov et al., 2008). Microtubules can
switch from periods of shrinkage to periods of growth via a process termed rescue.
Although the mechanism that underlies microtubule rescue is poorly characterized, it is
thought to involve the presence of GTP-bound tubulin remnants in older parts of
microtubules (Dimitrov et al., 2008). The alternating phases of microtubule growth and
shrinkage, separated by catastrophe and rescue events, is termed dynamic instability.
Whether a microtubule shrinks or grows is determined by the rate of GTP-hydrolysis
relative to the rate of tubulin addition. If tubulin addition occurs faster than GTPhydrolysis, the microtubule retains its GTP-bound tubulin cap and continues to grow.
Conversely, if GTP-hydrolysis is faster, the microtubule will lose its GTP-bound tubulin
cap and undergo rapid depolymerization. Dynamic instability results in the continuous
and rapid turnover of most microtubules, which exhibit a half-life of about 16 minutes in
confluent epithelial cell cultures (Pepperkok et al., 1990). The dynamic instability of
microtubules is also characterized by periods of pause, during which no substantial
growth or shrinkage occurs (Honore and Braguer, 2011). Certain plus-end-binding
proteins stabilize microtubules during pauses, likely by preventing GTP hydrolysis or the
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removal of GDP-bound tubulin from the microtubule lattice, thereby preventing
catastrophe (Komarova et al., 2009).

1.1.3 Microtubule-interacting molecules and proteins
Microtubule dynamics are regulated by several microtubule-associated proteins (MAPs),
including microtubule polymerases, depolymerases and plus-end tracking proteins
(+TIPs). XMAP215 is a microtubule polymerase that increases the concentration of
tubulin dimers at growing microtubule ends, thereby favouring microtubule growth
(Howard and Hyman, 2007; Kinoshita et al., 2002). Microtubule depolymerases, such as
MCAK, KAR3 and Nod, stimulate microtubule shrinkage by hydrolyzing the GTP that is
bound to β-tubulin molecules in the GTP-tubulin cap, which results in microtubule
catastrophe (Desai et al., 1999; Cui et al., 2005; Sproul et al., 2005). Microtubule plusend tracking proteins (+TIPs) dynamically localize to growing microtubule ends where
they regulate microtubule dynamics and the interaction between microtubules and various
cell structures, such as kinetochores, membrane-bound organelles and the cell cortex
(Bieling et al., 2007; Komarova et al., 2009; Lansbergen and Akhmanova, 2006). The
+TIP protein EB1 is particularly well conserved and interacts with several other +TIPs,
including CLIP170, APC and CLASPs, as the core of a dynamic network of proteins
found at microtubule plus-ends (Skube et al., 2010; Lansbergen and Akhmanova, 2006).
Live-cell imaging of fluorescent protein-tagged +TIPs, such as GFP-tagged EB1, has
been effectively used to visualize microtubule plus-ends and to provide a measure of
microtubule dynamics (Duellberg et al., 2013).
Several pharmacological agents that bind to tubulin and alter microtubule dynamics have
been identified. For example, colchicine binds to soluble tubulin heterodimers and
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inhibits their incorporation into microtubules (Borisy, 1967; Wilson, 1973). Interference
with tubulin polymerization by colchicine results in the loss of the GTP-tubulin cap from
microtubule plus ends and subsequent microtubule depolymerization (Correia and Lobert,
2001). Nocodazole also binds to tubulin at the colchicine-binding site and at a second,
unique region (Xu et al., 2002), thereby blocking tubulin self-assembly, resulting in
microtubule depolymerization (Head et al., 1985). In contrast, paclitaxel (Taxol)
stabilizes microtubules by binding to β-tubulin moieties in the lumen of microtubules,
thereby stabilizing interactions between the adjacent protofilaments that form the
microtubule lattice (Snyder et al., 2001; Rowinsky, 1997).

1.1.4 Microtubule functions
As previously mentioned, microtubules are essential for a variety of cellular processes,
such as chromosome segregation during mitosis, vesicle transport by motor-proteins,
development of cell polarity and directional migration.

1.1.4.1 Microtubules are required for cell division
During mitosis, microtubules undergo a complex reorganization to form the mitotic
spindle, which is indispensable for the segregation of daughter chromosomes. This is
achieved by the duplication of the centrosome during interphase. The resulting daughter
centrosomes transition to opposite sides of the nucleus to form the mitotic spindle
(Kirschner and Mitchison, 1986). During this transition, the rate of microtubule
depolymerization and the initiation of new microtubules are increased, resulting in the
outgrowth of many short microtubules from the centrosomes (Piehl and Cassimeris,
2003). Mitotic spindle microtubules can be divided into three categories: kinetochore
microtubules, which attach to condensed chromosomes at their centromeres and provide
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attachment between the mitotic spindle and the chromosomes; polar microtubules, which
extend from the centrosomes and overlap in the center of the cell, where associated motor
proteins provide a pushing force to push daughter chromosomes apart; and astral
microtubules, which extend outward from the centrosomes toward the cell periphery,
where associated motor proteins provide a pulling force to separate daughter
chromosomes (Lu and Johnston, 2013). Microtubule-targeting drugs, including
paclitaxel, colcemid and colchicine, disrupt mitotic spindle organization and induce
mitotic arrest (Jordan et al., 1993; Borisy, 1967; Ngan et al., 2001; Honore et al., 2003).
For this reason, microtubule-disrupting drugs are used in anticancer therapies (Rowinsky,
1997; Zhou and Giannakakou, 2005; Jordan and Wilson, 1998). However, the long-term
clinical utility of these compounds is often limited by the development of resistance
(Ajabnoor et al., 2012; Monzó et al., 1999). Hence, endogenous proteins that regulate
microtubule dynamics might represent useful targets for future cancer therapies.

1.1.4.2 Microtubules are required to maintain cell morphology
Microtubules are critical for the establishment and maintenance of cell shape and
organelle distribution. This is particularly evident in neurons, which require microtubule
growth for axon formation (Fukata et al., 2002). Mutations in tubulin genes that
negatively impact microtubule polymerization have been linked to impaired axon growth
and neurodevelopmental disease (Niwa et al., 2013; Tischfield et al., 2011). In addition,
fibroblasts treated with colcemid lose their characteristic elongated shape and exhibit
abnormally distributed mitochondria (Vasiliev et al., 1970). The role of microtubules in
maintaining cell shape is mediated by their rigidity and by the direct transport of certain
cell components to limited areas of the cell membrane by motor proteins. The altered cell
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shape induced by microtubule depolymerizing agents is mimicked by the inhibition of
motor proteins (Rodionov et al., 1993).

1.1.4.3 Microtubules serve as tracks for vesicle and organelle
trafficking
Microtubules form tracks for the intracellular transport of vesicles and other membranebound organelles. Movement along microtubules is achieved by the action of motor
proteins such as kinesin and dynein (Vale, 2003). Vesicle transport along microtubules is
especially apparent in neuronal axons. In these cells, ribosomes are restricted to the cell
body and dendrites (Rolls et al., 2002). Proteins, organelles and vesicles (including those
containing neurotransmitters) produced in the cell body are transported along
microtubules to axon terminals (Schwarz, 2013; Prokop, 2013). Microtubules are also
essential for vesicle transport in mammary epithelial cells, in which treatment with
microtubule-disrupting drugs impairs milk protein secretion (Rennison et al., 1992).
Blocking microtubule dynamic also interferes with intercellular adhesion, via
perturbation of E-cadherin trafficking to cell-cell contacts (Stehbens et al., 2006).

1.1.4.4 Microtubules are required for cell polarization
The establishment of asymmetric microtubule organization gives rise to cell polarization,
and is required for proteins to be differentially transported to particular regions of the cell
(Figure 1.2A) (Akhtar and Streuli, 2013). In particular, epithelial cells have two
populations of microtubules. Noncentrosomal microtubules are polarized with their
apically-oriented minus-ends anchored to adherens junctions or desmosomes by minusend anchoring proteins, such as ninein and Nazha, and their basally-oriented plus-ends
stabilized at the basal cell cortex by +TIPs, such as APC and CLASPs
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Figure 1.2. Asymmetric microtubule organization in polarized cells. Asymmetric
microtubule polymerization gives rise to cell polarity. In polarized epithelial cells (A)
there are two distinct populations of microtubules. Noncentrosomal microtubules are
polarized with the minus-ends anchored to adherens junctions or desmosomes by
anchoring proteins such as ninein and Nazha, and their basally-oriented plus-ends
stabilized at the basal cell cortex by +TIPs. Centrosomal microtubules extend from the
centrioles toward the apical membrane and are required for the trafficking of apical
proteins to the apical membrane. In migrating cells (B) microtubule polymerization
pushes the leading edge forward. Microtubules also contribute to the targeted delivery of
cortical polarity proteins to the leading edge, and regulate the assembly and disassembly
of integrin-containing focal adhesions. Figure adapted from Sugioka and Sawa, 2012 and
Watanabe et al., 2005.
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(Bacallao et al., 1989; Bellett et al., 2009; Hotta et al., 2010; Mogensen et al., 2000;
Meng et al., 2008; Sugioka and Sawa, 2012). A second population of apically-oriented
microtubules starts from the centrioles at the apical side of the nucleus, and is required
for the trafficking of membrane proteins to the apical membrane (Jaulin et al., 2007;
Weisz and Rodriguez-Boulan, 2009).

1.1.4.5 Microtubules are required for cell migration
Microtubules are critical for cell migration, which is essential for proper development,
wound healing, tissue remodeling and immune responses (Figure 1.2B). Cell migration
requires the temporal and spatial coordination of four phases: protrusion, attachment,
contraction and retraction. During cell migration, microtubules are generally oriented
toward the leading edge of the cell, where plus-end growth is promoted by +TIP proteins
such as APC, CRMP2 and EB1 and by the inactivation of the catastrophe factor STMN1,
contributing to the formation of membrane protrusions at the cell front (Schober et al.,
2009; Kroboth et al., 2007; Yoneda et al., 2012; Wittmann et al., 2003). The force
generated by growing microtubules deforms the plasma membrane, pushing the leading
edge forward (Laan et al., 2008; Inoue and Salmon, 1995). Microtubules also contribute
to the targeted delivery of membranes and their associated proteins, of signaling
molecules, such RAC1 and CDC42, and of mRNAs encoding proteins, such as β-actin,
Rab13, and kinesin to the leading edge of migrating cells (Miller et al., 2009; Yadav et
al., 2009; Gierke and Wittmann, 2012; Osmani et al., 2010; Palamidessi et al., 2008; Mili
and Macara, 2009).
Microtubules are physically associated with focal adhesions and participate in the control
of their assembly and disassembly (Rinnerthaler et al., 1988; Stehbens and Wittmann,
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2012; Kaverina et al., 1998). During directional cell migration, integrin-containing focal
adhesions at the leading lamellipodia connect the cell to its underlying extracellular
matrix and generate the traction forces necessary for the contraction phase of migration
(Wolfenson et al., 2009). Microtubules indirectly promote the initiation of focal
adhesions by participating in RAC1 activation, and are essential for integrin delivery to
the leading edge (Rooney et al., 2010; Bretscher and Aguado-Velasco, 1998). Active
RAC1 increases microtubule stability by modulating the activity of several +TIPs,
including CRMP2, CLASPs and STMN1 (Wittmann et al., 2003; Arimura et al., 2000;
Wittmann and Waterman-Storer, 2005). In this manner, newly formed adhesion
complexes capture and stabilize microtubules, facilitating the transport of integrins to
further enhance focal adhesion growth, thereby generating a positive feedback loop that
promotes focal adhesion maturation (Kaverina et al., 1998; Gu et al., 2011; Wickström
and Fässler, 2011). Several proteins that mediate the interaction between microtubule
plus-ends and focal adhesions, including APC, MACF1/ACF7 and CLASPs, are required
for directional cell migration (Akhmanova and Steinmetz, 2008; Stehbens and Wittmann,
2012). Of relevance to my work, the activity of these proteins is negatively regulated by
active, unphosphorylated GSK-3β (Kumar et al., 2009; Eng et al., 2006), which can
phosphorylate and inactivate several +TIPs including, CRMP2, APC, MACF1/ACF7 and
CLASPs (Akhmanova and Steinmetz, 2008; Stehbens and Wittmann, 2012; Yoshimura et
al., 2005). The phosphorylation of GSK-3β, which results in its inactivation, is required
for microtubule stabilization at the leading edge (Kumar et al., 2009; Eng et al., 2006).
Microtubules are also essential for the disassembly of focal adhesions and proper integrin
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trafficking at the cell rear, which allows a migrating cell to move forward productively
during the retraction phase of migration (Ezratty et al., 2005; Rid et al., 2005).
In the epidermis, microtubules are necessary for cell division in undifferentiated
keratinocytes, maintenance of cell polarity, and migration during wound closure (Lechler
and Fuchs, 2005; Wu et al., 2011). Microtubules are also essential in differentiated
keratinocytes for the formation of cell-cell adhesions and barrier function (Sumigray et
al., 2012, 2011). Consequently, microtubules are critical for the maintenance and
stratification of the epidermis (Lechler and Fuchs, 2005).

1.2 Integrin-linked kinase (ILK)
The epidermis is a stratified squamous epithelium mainly composed of keratinocytes at
various stages of differentiation. Epidermal stratification occurs, in part, via interactions
between keratinocytes and their environment, which are mediated by cell surface
molecules, such as integrins, and their associated cytoplasmic proteins (Qin and Wu,
2012). Integrins lack catalytic activity, so transmission of signals generated by their
interactions with the extracellular matrix occurs through recruitment of a variety of
proteins, including the ubiquitous scaffold protein integrin-linked kinase (ILK) (Qin and
Wu, 2012).
Integrin-linked kinase plays an essential role in the in the establishment and maintenance
of cell-matrix adhesions (reviewed in Wickström et al., 2010a). Initially identified in a
yeast two-hybrid screen as a β1-integrin cytoplasmic tail-binding protein (Hannigan et
al., 1996), ILK binds numerous cellular proteins, and forms a complex with the adaptor
proteins PINCH and parvin, called the ILK-PINCH-parvin (IPP) complex, which plays a
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central role in regulating integrin function (Tu et al., 2001; Yamaji et al., 2001; Tu et al.,
1999).

1.2.1 Structural domains of ILK
Structurally, ILK consists of an N-terminal domain containing five ankyrin repeats and a
C-terminal kinase-like domain separated by a pleckstrin homology (PH)-like domain
(Figure 1.3) (Hannigan et al., 1996). The ankyrin repeats are responsible for its
interaction with PINCH and other proteins (Tu et al., 1999; Chiswell et al., 2008).
The C-terminus kinase-like domain has imperfect homology to bona fide serine/threonine
protein kinases. Recent crystal structure analysis revealed that this region of ILK lacks
motifs and residues essential for catalytic activity (Hannigan et al., 1996; Fukuda et al.,
2009). However, the pseudokinase domain of ILK is functionally important because it
mediates interaction with parvins, paxillin, PINCH, and ILKAP, among others (Tu et al.,
2001). The C-terminal domain of ILK also mediates its interaction with the cytoplasmic
tails of β1 and β2 integrins; however, it is unclear whether ILK binds β integrins directly
or indirectly in vivo (Ghatak et al., 2013).

1.2.2 ILK as a pseudokinase
Since the discovery of ILK, its putative kinase activity has been the subject of extensive
debate. This debate has been complicated by conflicting observations from a variety of
experimental approaches and models.
Proponents of the kinase activity of ILK emphasize that the kinase domain of ILK
possesses the APE motif required for substrate recognition, the invariant lysine residue
required for phosphotransfer, and the glutamic acid residue involved in ATP binding,
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Figure 1.3. Protein domains of ILK. Integrin-linked kinase is a 452 amino acid protein
consisting of an N-terminal ankyrin repeat domain, a central pleckstrin homology
domain, and a C-terminal kinase-like domain. The ankyrin repeats contains a binding site
for PINCH, and the kinase-like domain contains binding sites for ß-integrin, parvins, and
paxillin.
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which are conserved in other serine/threonine kinases; however, ILK lacks several other
key residues required for catalytic activity (Hanks et al., 1988; Kornev and Taylor, 2010;
Ghatak et al., 2013). Further, recent crystallographic analysis of the kinase-like domain of
ILK revealed that, although it possesses the characteristic bilobal fold of bona fide
kinases and is capable of binding ATP, the orientation of bound ATP is abnormal, with
the gamma-phosphate spatially distant from the putative catalytic loop, and therefore
lacks catalytic activity (Fukuda et al., 2009). Further, although the central PH-like
domain of ILK shares homology with other PH domain-containing proteins and the
interaction between phosphatidylinositol 3,4,5-triphosphate (PIP3) and the PH-domain in
typical kinases increases their activity toward their substrates, the PH-like domain in ILK
does not bind PIP3, but rather forms an integral part of the P loop of the pseudokinase
domain, further supporting the notion that ILK is a pseudokinase that lacks intrinsic
kinase activity (Fukuda et al., 2009).
In vitro assays to determine the kinase activity of ILK have yielded conflicting results.
The initial study reporting the discovery of ILK showed that bacterially produced ILK
could phosphorylate myelin basic protein and the cytoplasmic domain of β1 integrin
(Hannigan et al., 1996). Similarly, purified ILK showed kinase activity toward the 20kDa regulatory light chain of myosin II (LC20), β-parvin, 17 kDa protein kinase Cdependent phosphatase inhibitor, phosphatase homoenzyme inhibitor 1, and protein
kinase B (AKT/PKB)(Yamaji et al., 2001; Persad et al., 2001; Deng et al., 2002, 2001). A
more recent study with baculovirus-purified ILK, reportedly isolated to approximately
94% purity, showed Mn2+-dependent in vitro autophosphorylation and phosphorylation of
a GSK-3β peptide and LC20 (Maydan et al., 2010). In conflict with these findings,
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recombinant ILK from either bacteria or mammalian cells was reported by a different
group to lack kinase activity toward GSK-3β in the presence of Mn2+ or Mg2+, and a
comprehensive whole cell-based kinase screen did not identify any specific ILK
substrates (Fukuda et al., 2011). The reasons for the differences between these
approaches remain unclear. It is possible that the observed lack of kinase activity was the
result of ILK denaturation during purification. Conversely, observations of catalytic
activity may have been the result of low levels of contaminating kinases in purified ILK
preparations.
Further evidence for the purported kinase activity of ILK was provided by structuralfunctional analyses. Mutations in the putative autophosphorylation site (S343A), the PIP3
binding site (R211A) or the putatitive ATP binding site (K220A/M) have all been shown
to result in catalytically inactive ILK (Persad et al., 2001; Filipenko et al., 2005), whereas
the phosphomimetic ILK S343D was shown to be hyperactive (Filipenko et al., 2005).
However, it is important to note that these mutations disrupt the interaction between ILK
and its binding partners, which suggests that ILK regulates the phosphorylation of its
substrates by indirect mechanisms, rather than by acting as a bona fide kinase. For
example, the R211A mutation impairs the interaction between ILK and α-parvin and the
recruitment of ILK to focal adhesions (Attwell et al., 2003), and the K220M mutation
reduces the interaction between ILK and β-parvin (Yamaji et al., 2001). Further, an
S343D K220M double mutant restored ILK-dependent phosphorylation of AKT, despite
its inability to bind ATP, demonstrating that the ATP binding activity of ILK is
dispensible for its function (Lynch et al., 1999). Further evidence from Drosophila
melanogaster, Caenorhabditis elegans and mice support the notion that the biological
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activity of ILK is independent of its putative kinase activity in vivo. In Drosophila,
expression of “kinase dead” ILK E359K rescued the embryonic lethality caused by a lack
of functional endogenous ILK (Zervas et al., 2001). In C. elegans, human ILK E359K
rescued the abnormal muscle assembly observed in the absence of ILK (Mackinnon et al.,
2002). Knockin mice expressing “kinase dead” ILK R211A or ILK S343D display a
normal phenotype (Lange et al., 2009). Taken together, these studies show that,
functionally, ILK does not act as a kinase, but rather as a scaffold protein.
Consistent with the notion that ILK acts as a scaffold to regulate the phosphorylation of
proteins by indirect mechanisms; several researchers have demonstrated the kinase
activity of ILK immunoprecipitates in a variety of mammalian cells and tissues. These
studies have shown that ILK-containing immune complexes can phosphorylate several
substrates including LC20, myosin phosphatase, AKT/PKB, and GSK-3β (Delcommenne
et al., 1998; Deng et al., 2001; Kiss et al., 2002; Murányi et al., 2002). Similarly, several
studies have shown that ILK is involved in the phosphorylation and inactivation of GSK3β. For example, siRNA knockdown of ILK in endometrioid adenocarcinoma cells
reduced the level of phosphorylated GSK-3β (Gao et al., 2011; Guo et al., 2007). These
observations suggest that ILK fulfills important biological functions by acting as a
scaffold for the assembly of catalytically active multiprotein complexes.

1.2.3 Biological functions of ILK
The importance of ILK is abundantly clear: constitutive inactivation of genes encoding
various ILK orthologues results in embryonic lethality in C. elegans, D. melanogaster,
Xenopus laevi, and Mus musculus. Further, tissue-restricted inactivation of Ilk in mice
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results in impaired development and/or function in every tissue examined to-date
(reviewed in Wickström et al., 2010b).
Inactivation of Ilk in mice results in embryonic lethality due to failure to implant (Sakai
et al., 2003). Ilk-null embryonic stem cells cultured as embryoid bodies exhibit abnormal
epiblast polarization and impaired cavity formation associated with the abnormal
accumulation of F-actin at sites of integrin attachement to the basement membrane (Sakai
et al., 2003).
Chondrocyte-specific Ilk deletion results in chondrodysplasia, dwarfism and perinatal
death from respiratory distress, and cultured ILK-deficient chondrocytes show impaired
proliferation, adhesion, and spreading associated with abnormal F-actin distribution
(Terpstra et al., 2003; Grashoff et al., 2003). T-cell-specific Ilk deletion results in
impaired T-cell migration and increased apoptosis upon stress induced by serumstarvation, associated with decreased AKT and RAC1 activation (Liu et al., 2005).
Cardiomyocyte-specific Ilk deletion in mice causes cardiomyopathy and heart failure
between 6 and 12 weeks of age, associated with a loss of cell-cell adhesions between
cardiomyoctes and a severe loss of cardiac tissue integrity (White et al., 2006).
Interestingly, the cardiomyopathies observed in these animals resemble the phenotype
observed in human patients carrying an A262V point mutation in the ILK gene (Knöll et
al., 2007).
In epidermal keratinocytes, ILK modulates β1 integrin-mediated cell attachment, frontrear polarization, migration, proliferation, signal transduction, and phagocytosis
(Sayedyahossein et al., 2012; Ho and Dagnino, 2012b; Nakrieko et al., 2008; McDonald
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et al., 2008). However, given that ILK can also be observed dissociated from β-integrins,
ILK likely also fulfills important β-integrin-independent functions. Further, ILK-deficient
keratinocytes exhibit reduced levels of RAC1 activation, which is essential for the
formation of a leading edge in motile cells and for phagocytic engulfment, when
stimulated to migrate or when treated with EGF or KGF (Nakrieko et al., 2008;
Sayedyahossein et al., 2012).
There is also growing evidence that ILK plays an important role in regulating the
microtubule cytoskeleton. Both α- and β-tubulin have been found in ILK
immunoprecipitates, and ILK localizes to centrosomes during mitosis (Fielding et al.,
2008). Cell-polarization requires ILK in several cell types, including keratinocytes,
neurons, and mammary gland epithelial cells (Akhtar and Streuli, 2013; Guo et al., 2007;
Ho et al., 2009). ILK regulates the orientation and stability of the microtubule network by
recruiting microtubule capture proteins to β-integrin focal adhesions (Akhtar and Streuli,
2013). This is important for vesicular trafficking of caveolin and for the establishment of
epithelial cell polarity (Akhtar and Streuli, 2013; Wickström et al., 2010a). However, a
potential integrin-independent role for ILK remains unexplored. Furthermore, the
mechanisms by which ILK may modulate microtubules remain poorly characterized.
In undifferentiated and in differentiated keratinocytes, ILK can associate with ELMO2
(Ho et al., 2009). ILK/ELMO2 complexes play key roles in the directional migration and
front-rear polarization of undifferentiated keratinocytes (Ho et al., 2009; Ho and
Dagnino, 2012b). The stimulatory effect of ILK/ELMO2 on keratinocyte migration
requires complex formation with active RHOG. In these complexes, ELMO2 serves as a
bridge between active RHOG and ILK (Ho and Dagnino, 2012a). This ternary complex
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then stimulates RAC1 activation (Ho and Dagnino, 2012b). Despite these important
advances in understanding the role of ILK and ELMO2 in migration in undifferentiated
keratinocytes, ILK/ELMO2 species may fulfill distinct roles in differentiated versus
undifferentiated keratinocytes, as the former do not normally migrate as single cells in
culture.

1.3 Engulfment and cell motility 2 (ELMO2)
The ELMO protein family is evolutionarily conserved. ELMO proteins associate with
DOCK family proteins and RHOG to activate RAC1 during cellular migration, neurite
outgrowth, phagocytosis during autophagy, formation of cellular protrusions, and
endocytic recycling (Wu et al., 2001; Gumienny et al., 2001a; Katoh et al., 2000; Sun et
al., 2012).

1.3.1

Structural domains of ELMO

The human ELMO family consists of six members that can be subdivided into the ELMO
and ELMOD groups based on protein size and domain architecture (East et al., 2012).
The three members of the ELMO subgroup are highly homologous proteins that are
roughly 700 amino acids long. Each contains an N-terminal domain containing five
Armadillo repeats, a central ELMO domain, and a C-terminal pleckstrin homology
domain, followed by a proline-rich region (Figure 1.4A) (Brugnera et al., 2002; Lu et al.,
2004).
ELMO1 and ELMO2 are cytoplasmic adaptor proteins that interact with DOCK180 and
other DOCK family members via an atypical, N-terminal α-helical extension of the PH
domain and the proline-rich region (Lu et al., 2004). ELMO homologues also interact
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Figure 1.4. Protein domains of ELMO2. ELMO2 is a 727 amino acid protein (A). It
consists of an N-terminal domain of unknown function 3361, which contains five
Armadillo repeats, a central ELMO domain, and a C-terminal pleckstrin homology
domain (PH) followed by a proline-rich region (PxxP). It also contains a Ras binding
domain (RBD) in its N-terminus, followed by an Elmo autoregulatory domain (EAD),
and an Elmo inhibitory domain (EID) in its C-terminus. In its basal state, interaction
between the EAD and the EID maintains ELMO2 in a “closed” configuration, which
masks protein-protein interfaces (B). Cellular cues relieve autoinhibition and allow
ELMO2 to adopt an “open” configuration (C). In its “open” configuration, ELMO2
interacts with RhoG via its first and second Armadillo repeats, ILK via its second and
third Armadillo repeats, DOCK180 via its PH domain and proline-rich region, and ACF7
via its proline-rich region.
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with RHOG via a Ras binding domain comprised of the first and second Armadillo
repeats (Katoh and Negishi, 2003). The joint interaction of ELMO with RHOG and
DOCK promotes Rac GTPase activation (Katoh and Negishi, 2003; Patel et al., 2010).
ELMO proteins are regulated by an autoinhibitory switch comprised of an ELMO
inhibitory domain (EID), located in the Armadillo repeats, and an ELMO autoregulatory
domain (EAD), located between the PH and proline-rich domains (Patel et al., 2010). In
its basal state, ELMO exists in an inactive, closed conformation that masks proteinprotein interfaces (Figure 1.4B) (Patel et al., 2010, 2011). Cellular cues relieve
autoinhibition and uninhibited ELMO acts in trans with DOCK180 to promote RAC1
activation (Figure 1.4C) (Patel et al., 2010; Hanawa-Suetsugu et al., 2012; Patel et al.,
2011). The ELMO/DOCK180 complex acts as an unconventional guanidine exchange
factor (GEF) despite the absence a Dbl homology domain characteristic of other Rac
GEFs (Brugnera et al., 2002). The ELMO/DOCK180 heterodimer binds to nucleotidefree RAC1 via the DOCKer domain of DOCK180, and facilitates GTP-loading by
DOCK180 Rac GEF activity, which is stabilized by ELMO (Brugnera et al., 2002; Lu et
al., 2004). It remains to be determined what signals lead to the unhinging of ELMO from
its closed state.

1.3.2

Functions of ELMO

The C. elegans ELMO orthologue, Ced-12 regulates phagocytic engulfment of apoptotic
and necrotic cells (Chung et al., 2000), and controls cell migration via DOCK180/RAC1
(Wu et al., 2001; Gumienny et al., 2001b). Ced-12 is also necessary for normal cargo
recycling in intestinal epithelial cells, and mutations of Ced-12 result in the abnormal
accumulation of early endosomes (Sun et al., 2012). In D. melanogaster, ELMO and the
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DOCK180 orthologue, MBC, activate Rac during dorsal closure and border cell
migration (Duchek et al., 2001; Erickson et al., 1997; Bianco et al., 2007). The three
mammalian ELMO proteins are expressed in a variety of tissues with a high degree of
overlap (Gumienny et al., 2001b). Mammalian ELMO proteins are important mediators
of cell migration and engulfment of apoptotic cells (Gumienny et al., 2001b), and are
required for neurite outgrowth of hippocampal neurons in response to nerve growth factor
(Katoh and Negishi, 2003). In human epithelial cells, ELMO recruits ACF7, a substrate
of GSK-3β, to the cell membrane to promote microtubule capture and stabilization
(Margaron et al., 2013).

1.4 Rationale, hypothesis and aims
Given that ILK has been shown to associate with α- and β-tubulin (Fielding et al., 2008),
that ILK forms complexes with RHOG and ELMO2 that can activate RAC1, which
regulates the activity of several MAPs (Ho et al., 2009; Sayedyahossein et al., 2012), and
that ILK and ELMO2 regulate several cellular processes that require microtubule
dynamics, and considering the growing body of evidence implicating these proteins as
modulators of microtubule stability, I hypothesize that ILK and ELMO2 stabilize
microtubules in differentiated keratinocytes via a novel RHOG/ILK/ELMO2-RAC1
pathway.
To test this hypothesis, the specific aims of this study are:
1. To investigate whether ILK promotes microtubule stability in differentiated
keratinocytes.
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2. To investigate whether ILK and ELMO2 cooperate to promote microtubule
stability.
3. To identify mediators of the effect of ILK on microtubule stability.
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Chapter 2 – Materials and Methods
2

Materials and methods

2.1 Mouse strains
The mouse strains used were: CD-1; Ilktm1Star, with engineered loxP sites downstream
from exons 4 and 12 of the Ilk gene (hereafter termed Ilkf/f)(Terpstra et al., 2003); and
Tg(KRT14-cre)1Amc/J , with expression of Cre-recombinase under the control of the
keratin-14 promoter (hereafter termed K14Cre; Jackson Laboratory, Bar Harbor, ME;
stock number 004782, Dassule et al., 2000). K14Cre and Ilkf/f mice were bred to produce
offspring hemizygous for the KRT-14Cre allele, and heterozygous for the floxed Ilk
allele. These mice were further bred with K14Cre mice to produce mice homozygous for
the KRT-14Cre allele, and heterozygous for the floxed Ilk allele. The latter were then
bred with Ilkf/f mice to generate offspring hemizygous for the KRT-14Cre allele and either
heterozygous or homozygous for the floxed Ilk allele (termed K14Cre;Ilkf/+ or
K14Cre;Ilkf/f, respectively)(Nakrieko et al., 2008). In these mice, Cre-recombinase
expression is found in basal keratinocytes in the epidermis, and in epithelia of the
salivary glands, mammary glands, tongue, esophagus, fore-stomach and thymus, and
results in the tissue-restricted inactivation of floxed Ilk alleles (Jonkers et al., 2001;
Nakrieko et al., 2008). Keratinocytes in the suprabasal layers of the epidermis also lack
ILK expression since they are derived from the basal keratinocytes.

2.2 Cell isolation and culture
2.2.1 Isolation and culture of primary mouse epidermal keratinocytes
Primary epidermal keratinocytes were isolated from 2-day-old mice and cultured as
described by Dagnino et al., 2010. In brief, mice were euthanized by CO2 inhalation, and
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immersed in ethanol at 4oC for 10 min to sterilize the skin. The skin of each mouse was
harvested and placed dermis side down in a well of a 6-well tissue culture plate. The
tissues were floated over freshly diluted 0.25% trypsin in PBS, and incubated overnight
at 4oC. The following morning, the trypsin was replaced with fresh 0.25% trypsin and the
skins were incubated at 37oC for 10 min. After incubation, the epidermis was
mechanically separated from the dermis using sterile forceps. The epidermises from
littermates of the same genotype were pooled and placed in a 50-ml conical tube
containing 10 ml of keratinocyte growth medium (Ca2+-free EMEM supplemented with
8% Chelex treated FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 74 ng/ml
hydrocortisone, 5 µg/ml insulin, 9.5 ng/ml cholera toxin, 5 ng/ml EGF, and 6.7 ng/ml
triiodothyronine), minced with scissors, and incubated at 37oC for 15 min with gentle
rocking. The resulting cell suspension was filtered through a 70-µm nylon filter to
remove cell and tissue debris, and the number of trypan-blue excluding cells in the
suspension was determined using a haemocytometer. Cells were plated at the following
densities: 1.5 x 105 cells/cm2 for CD-1 and K14Cre;Ilkf/+ keratinocytes; 4.0 x 105
cells/cm2 for K14Cre;Ilkf/f keratinocytes. Keratinocytes were cultured at 37oC in a
humidified atmosphere containing 5% CO2. The day after plating, growth medium was
replaced with fresh growth medium. Cells were used in experiments 48 h after plating (at
approximately 80% confluence).
For K14Cre:Ilkf/+ and K14Cre;Ilkf/f littermates, a small tail segment was removed from
each animal for genotyping at the time the skin was harvested, and processed separately
as described in Section 2.3.
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2.2.2 Immortalized mouse epidermal keratinocytes
KTR cells are a line of spontaneously immortalized epidermal keratinocytes isolated
from 2-day-old K14Cre;Ilkf/+ mice. These cells were cultured in keratinocyte growth
medium without antibiotics at 37oC in a humidified atmosphere containing 5% CO2. The
culture medium was replaced every two days. Cells were subcultured by aspirating the
medium from the culture flask, rinsing the cell monolayer twice with sterile PBS, and
adding 1ml of 1 x trypsin-EDTA solution (0.25% trypsin, 0.02% EDTA) per 25cm2 of
surface area. The cells were incubated at 37oC for 12 min (when they had just detached).
The cell suspension was transferred to a 15-ml conical tube containing 9 ml of
keratinocyte growth medium, and was centrifuged at 150 x g for 5 min. The supernatant
was removed, and the cell pellet was resuspended in fresh culture medium. Fifty
microliters of the cell suspension were removed to determine cell numbers using a
haemocytometer. The remaining cell suspension was used to seed cells onto culture
plates at a density of 2.5 x 104 cells/cm2 for experiments (unless otherwise indicated), or
diluted 1:5 in culture medium and added to a new flask for continued culture.

2.2.3 Calcium-induced differentiation of keratinocytes
Keratinocytes were induced to differentiate by increasing the concentration of
extracellular Ca2+ to 1 mM. To this end, the low-Ca2+ growth medium (described in
Section 2.2.1) was replaced with culture medium containing FBS, growth supplements
and 1 mM Ca2+ (hereafter referred to as “high-Ca2+ medium”). Cells were incubated in
high-Ca2+ medium for the times indicated in individual experiments.
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2.2.4 Drug treatments
For experiments involving pharmacological inhibition of GSK-3β, cells were incubated
in medium containing 5 µM of SB216763, 25 µM of SB415286, or vehicle (0.25%
DMSO) for 24 h. Following treatment, cell lysates were prepared for immunoblot
analysis, as described in Section 2.12, or treated with colchicine, as described in Section
2.10.

2.3 Genotyping
2.3.1 Isolation of genomic DNA
To prepare genomic DNA, tail segments approximately 5 mm in length were digested in
microcentrifuge tubes containing 6 µl proteinase K (20 mg/ml) diluted in 50 µl proteinase
K buffer (20 mM Tris Cl pH 8.3, 50 mM KCl, 2.5 mM MgCl2 and 0.5% Tween-20). The
tissues were incubated at 58oC for 3 h with shaking at 300 rpm, then at 95oC for 15 min.
The solution containing digested tissue was diluted 1:10 with HPLC-grade H2O and used
as template for subsequent PCR reactions, as described in section 1.3.3.
Genomic DNA from KTR cells was prepared from cell pellets collected during
subculturing, using a Qiagen DNeasy Blood and Tissue Kit according to the
manufacturer’s directions.

2.3.2 PCR amplification of DNA templates
DNA templates were amplified by PCR using Qiagen’s Taq PCR Master Mix Kits. Each
PCR reaction consisted of 2.5 µL 10x CoralLoad PCR Buffer, 0.5 µl 25 mM MgCl2, 0.3
µl dNTP mix (25 mM each of dATP, dGTP, dCTP and dTTP), 0.4 µl of each primer (2
µM), 18.57 µl of HPLC-grade H2O and 0.33 µl of Taq DNA Polymerase (5 U/µl),
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combined with 2 µl of genomic DNA template. The samples were placed in a thermal
cycler and amplification proceeded as follows: initial denaturation for 3 min at 94oC; 30
cycles of denaturation for 1 min at 94oC, annealing for 15 seconds at 62oC and extension
for 1 min at 72oC; followed by one final extension cycle of 10 min at 72oC.
Amplification of the Cre transgene was conducted with the forward primer 5’-CCA TCT
GCC ACC AGC CAG-3’ and the reverse primer 5’-TCG CCA TCT TCC AGC AGG-3’,
yielding a 281-bp amplicon (Nakrieko et al., 2008). Amplification of Cpxm1 as a positive
internal control was carried out using the forward primer 5’-ACT GGG ATC TTC GAA
CTC TTT GGA C-3’ and the reverse primer 5’-GAT GTT GGG GCA CTG CTC ATT
CAC C-3’, yielding a 420-bp amplicon (http://www.icsmci.fr/mousecre/protocol/GenotypingProtocol_T43.pdf). PCR reactions containing
genomic DNA from a known K14Cre-positive mouse, or water were used as positive and
negative controls, respectively.
Amplification of the Ilk allele was conducted using the forward primer 5’-CTG TTG
CAA TAC AAG GCT GAC-3’ and the reverse primer 5’-CTC GGA GAA GCT CTC
TAA GGG G-3’, yielding 360-bp and 380-bp amplicons for wild-type and floxed alleles,
respectively (Nakrieko et al., 2008). In KTR cells, the Ilk allele was amplified using the
forward primer 5’-CCA GGT GGC AGA GGT AAG TA-3’ and the reverse primer 5’CAA GGA ATA AGG TGA GCT TCA GAA-3’, yielding a 1.9-kb amplicon for the
wild-type Ilk allele, a 2.1-kb amplicon for the floxed Ilk allele, and a 230-bp amplicon for
the Cre-excised Ilk allele (Terpstra et al., 2003).
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Following PCR amplification, samples were analyzed on 2.5 % agarose gels, and the
DNA was stained with 1x RedSafe DNA Stain. DNA amplicons were visualized by UV
transillumination and gel images were captured in a MuliImage Light Cabinet using
AlphaImager software version 5.5.

2.4 Reagents and materials
Reagents, materials and their sources are listed in Table 1.
Table 1: Materials and reagents
Reagents	
  and	
  materials	
  

Source	
  

Catalogue	
  
number	
  

0.25%	
  trypsin	
  with	
  0.02%	
  
ethylenediaminetetraacetic	
  acid	
  (EDTA)	
  

Gibco,	
  Burlington,	
  ON	
  

25200-‐056	
  

2.5%	
  trypsin	
  
5-‐Bromo-‐2’-‐deoxyuridine	
  (BrdU)	
  
Amersham	
  ECL	
  Prime	
  Western	
  blotting	
  
detection	
  reagent	
  
Aprotinin	
  
Bio-‐Rad	
  Protein	
  Assay	
  Dye	
  Reagent	
  
Concentrate	
  
Ca2+-‐free	
  Eagle’s	
  minimum	
  essential	
  
medium	
  (EMEM)	
  
Chelex	
  100	
  chelating	
  resin	
  (sodium	
  form,	
  
200-‐400	
  dry	
  mesh	
  size)	
  
Chemically	
  defined	
  hybridoma	
  medium	
  
Cholera	
  toxin	
  
Colchicine	
  
Dimethyl	
  Sulfoxide	
  (DMSO)	
  
Dithiothreitol	
  (DTT)	
  
DNeasy	
  Blood	
  and	
  Tissue	
  Kit	
  
Epidermal	
  growth	
  factor	
  (EGF)	
  
Fetal	
  bovine	
  serum	
  (FBS)	
  
Hoechst	
  33342	
  
Hydrocortisone	
  

Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Sigma	
  Aldrich,	
  St.	
  Louis.	
  MO	
  
GE	
  Healthcare,	
  Mississauga,	
  
ON	
  
BioShop,	
  Burlington,	
  ON	
  
Bio-‐Rad	
  Laboratories	
  Inc.,	
  
Hercules,	
  CA	
  
Lonza,	
  Walkersville,	
  MD	
  
Bio-‐Rad	
  Laboratories	
  Inc.,	
  
Hercules,	
  CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
List	
  Biological	
  Laboratories	
  
Inc.,	
  Burlington,	
  ON	
  
Sigma	
  Aldrich,	
  St.	
  Louis.	
  MO	
  
Caledon	
  Laboratory	
  
Chemicals,	
  Georgetown,	
  ON	
  
BioShop,	
  Burlington,	
  ON	
  
Qiagen,	
  Venlo,	
  Netherlands	
  
Sigma	
  Aldrich,	
  St.	
  Louis,	
  MO	
  
Gibco,	
  Burlington,	
  ON	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Sigma	
  Aldrich,	
  St.	
  Louis.	
  MO	
  

15090-‐046	
  
B5002	
  
RPN2232	
  
APR200	
  
500-‐0006	
  
06-‐174G	
  
142-‐2842	
  
11279-‐023	
  
100	
  
C9754	
  
4101-‐2	
  
DTT001	
  
69504	
  
E4127	
  
12483	
  
H1399	
  
H4001	
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Reagents	
  and	
  materials	
  
Immu-‐MountTM	
  mounting	
  medium	
  
Insulin	
  
L-‐glutamine	
  
Leupeptin	
  
Na3VO4	
  
NaF	
  
Penicillin-‐Streptomycin	
  (10000	
  U/ml)	
  
Pepstatin	
  
Phenylmethylsulfonylfluoride	
  (PMSF)	
  
PhosphoSafeTM	
  extraction	
  reagent	
  
Poly-‐L-‐lysine	
  solution	
  
Polyethyleneimine	
  (PEI,	
  25	
  kDa	
  linear)	
  
Proteinase	
  K,	
  Molecular	
  Biology	
  Grade	
  
Rat	
  tail	
  collagen	
  I	
  
RedSafeTM	
  nucleic	
  acid	
  staining	
  solution	
  
RNeasy	
  Mini	
  Kit	
  
SB	
  216763	
  
SB	
  415286	
  
SuperscriptTM	
  II	
  Reverse	
  Transcriptase	
  
SYBR	
  Select	
  Master	
  Mix	
  
Taq	
  PCR	
  Master	
  Mix	
  Kit	
  
Triiodothyronine	
  
Triton	
  X-‐100	
  
0.2-‐µm	
  pore-‐size	
  BioTraceTM	
  NT	
  
nitrocellulose	
  transfer	
  membranes	
  
0.45-‐µm	
  pore-‐size,	
  Immobilon	
  P	
  
polyvinylidene	
  difluoride	
  (PVDF)	
  
transfer	
  membranes	
  
15-‐ml	
  FalconTM	
  conical	
  tubes	
  
2100	
  Bioanalyzer	
  
24-‐well	
  FalconTM	
  cell	
  culture	
  plates	
  
50-‐ml	
  FalconTM	
  conical	
  tubes	
  
70-‐µm	
  pore	
  size	
  FalconTM	
  cell	
  strainer	
  
Acrodisc®	
  32-‐mm	
  syringe	
  filter	
  with	
  
0.22-‐µm	
  Supor®	
  membrane	
  

Source	
  
Thermo	
  Fisher	
  Scientific,	
  
Waltham,	
  MA	
  
Sigma	
  Aldrich,	
  St.	
  Louis.	
  MO	
  
Sigma	
  Aldrich,	
  St.	
  Louis,	
  MO	
  
BioShop,	
  Burlington,	
  ON	
  
BioShop,	
  Burlington,	
  ON	
  
Sigma	
  Aldrich,	
  St.	
  Louis,	
  MO	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
BioShop,	
  Burlington,	
  ON	
  
BioShop,	
  Burlington,	
  ON	
  
EMD	
  Millipore,	
  Billerica,	
  MA	
  
Sigma	
  Aldrich,	
  St.	
  Louis.	
  MO	
  
Polysciences,	
  Warrington,	
  PA	
  
New	
  England	
  Biolabs,	
  
Ipswitch,	
  MA	
  
BD	
  Biosciences,	
  Bedford,	
  MA	
  
CHEMBIO,	
  Medford,	
  NY	
  
Qiagen,	
  Venlo,	
  Netherlands	
  
Tocris	
  Biosciences,	
  Bristol,	
  
UK	
  
Tocris	
  Biosciences,	
  Bristol,	
  
UK	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Qiagen,	
  Venlo,	
  Netherlands	
  
Sigma	
  Aldrich,	
  St.	
  Louis,	
  MO	
  
EMD,	
  Darmstadt,	
  Germany	
  
Pall	
  Corporation,	
  Pensacola,	
  
FL	
  

Catalogue	
  
number	
  
9990402	
  
I6634	
  
G3202	
  
LEU001	
  
SOV664	
  
S7920	
  
15140	
  
PEP605	
  
PMS123	
  
71296	
  
P8920	
  
23966	
  
P8107S	
  
	
  
21141	
  
74104	
  
1616	
  
1617	
  
18064-‐014	
  
4472908	
  
201443	
  
T6397	
  
CATX-‐1568	
  
66485	
  

Millipore,	
  Billerica,	
  MA	
  

IPVH00010	
  

BD	
  Biosciences,	
  Bedford,	
  MA	
  
Agilent	
  Technologies,	
  Santa	
  
Clara,	
  CA	
  
BD	
  Biosciences,	
  Bedford,	
  MA	
  
BD	
  Biosciences,	
  Bedford,	
  MA	
  
BD	
  Biosciences,	
  Bedford,	
  MA	
  
Pall	
  Corporation,	
  Pensacola,	
  
FL	
  

352097	
  
G2940CA	
  
353226	
  
352098	
  
352350	
  
4652	
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Reagents	
  and	
  materials	
  
AlphaImager	
  software	
  version	
  5.5	
  
BioLiteTM	
  175cm2	
  vented	
  tissue	
  culture	
  
flask	
  
BioLiteTM	
  75cm2	
  vented	
  tissue	
  culture	
  
flask	
  
TM
CFX96	
  Touch 	
  Real-‐time	
  PCR	
  Detection	
  
System	
  
Glass	
  coverslips,	
  12mm	
  circle,	
  no.1	
  
Leica	
  DM	
  IBRE	
  inverted	
  microscope	
  
Levy	
  counting-‐chamber	
  bright-‐line	
  
haemocytometer	
  
MultiImage	
  light	
  cabinet	
  
Orca-‐ER	
  digital	
  CCD	
  camera	
  
PrimariaTM	
  culture	
  dishes	
  
Prism	
  software	
  version	
  6	
  
Quantity	
  One	
  version	
  4.6	
  software	
  
RNA	
  6000	
  Nano	
  Kit	
  
Teflon	
  cell	
  scraper	
  
Velocity	
  software	
  version	
  6.3	
  
VersaDoc	
  Imaging	
  System	
  
Zeiss	
  LSM	
  510	
  Duo	
  scanning	
  laser	
  
confocal	
  microscope	
  
Zen	
  20	
  SP1	
  software	
  

Source	
  
ProteinSimple,	
  Santa	
  Clara,	
  
CA	
  
Thermo	
  Fisher	
  Scientific,	
  
Waltham,	
  MA	
  
Thermo	
  Fisher	
  Scientific,	
  
Waltham,	
  MA	
  
Bio-‐Rad	
  Laboratories	
  Inc.,	
  
Hercules,	
  CA	
  
VWR,	
  Radnor,	
  PA	
  
Leica,	
  Deerfield,	
  IL	
  
Hausser	
  Scientific,	
  Horsham,	
  
PA	
  
ProteinSimple,	
  Santa	
  Clara,	
  
CA	
  
Hamamatsu	
  Photonics,	
  
Hamamatsu,	
  Japan	
  
BD	
  Biosciences,	
  Bedford,	
  MA	
  
GraphPad	
  Software	
  Inc.,	
  San	
  
Diego,	
  CA	
  
Bio-‐Rad	
  Laboratories	
  Inc.,	
  
Hercules,	
  CA	
  
Agilent	
  Technologies,	
  Santa	
  
Clara,	
  CA	
  
Thermo	
  Fisher	
  Scientific,	
  
Waltham,	
  MA	
  
PerkinElmer,	
  Waltham,	
  MA	
  
Bio-‐Rad	
  Laboratories	
  Inc.,	
  
Hercules,	
  CA	
  

Catalogue	
  
number	
  
Discontinued	
  
130191	
  
130190	
  
185-‐5196	
  
031014-‐9	
  
020-‐525.780	
  
3110	
  
92-‐14023-‐00	
  
C4742-‐80	
  
CA25482-‐701	
  
N/A	
  
170-‐9600	
  
5067-‐1511	
  
08-‐100-‐240	
  
N/A	
  
170-‐8280	
  

Zeiss,	
  Jena,	
  Germany	
  

N/A	
  

Zeiss,	
  Jena,	
  Germany	
  

N/A	
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2.5 Antibodies
Antibodies and their sources are listed in Table 2.
Table 2: Antibodies
Antibodies*	
  

Working	
  
dilution	
  

Mouse	
  mAb	
  anti-‐BrdU	
  

IF:	
  1:1000	
  

Rabbit	
  pAb	
  anti-‐involucrin	
  

IB:	
  1:1000	
  

Mouse	
  mAb	
  anti-‐E-‐cadherin	
  

IF:	
  1:100	
  

Chicken	
  pAb	
  anti-‐GFP	
  

IF:	
  1:2000	
  

Rabbit	
  pAb	
  anti-‐mCherry	
  

IF:	
  1:500	
  

Mouse	
  mAb	
  anti-‐acetylated	
  
tubulin	
  
Rabbit	
  pAb	
  anti-‐phospho-‐GSK-‐
3β	
  (Ser9)	
  

IB:	
  1:20000	
  

IF:	
  1:1000	
  

Covance,	
  Princeton,	
  NJ	
  

Mouse	
  mAb	
  anti-‐GAPDH	
  

IB:	
  1:5000	
  

Rabbit	
  pAb	
  anti-‐phospho-‐
CRMP2	
  (Thr514)	
  

IB:	
  1:1000	
  

Rabbit	
  pAb	
  anti-‐CRMP2	
  

IB:	
  1:1000	
  

AlexaFluorTM	
  488	
  -‐conjugated	
  
goat	
  anti-‐chicken	
  IgG	
  
AlexaFluorTM	
  488	
  -‐conjugated	
  
goat	
  anti-‐rabbit	
  IgG	
  
AlexaFluorTM	
  488	
  -‐conjugated	
  
goat	
  anti-‐mouse	
  IgG	
  
AlexaFluorTM	
  594	
  -‐conjugated	
  
goat	
  anti-‐mouse	
  IgG	
  
AlexaFluorTM	
  594	
  -‐conjugated	
  
goat	
  anti-‐rabbit	
  IgG	
  
AlexaFluorTM	
  594	
  -‐conjugated	
  
goat	
  anti-‐mouse	
  IgG	
  
	
  

Sigma	
  Aldrich,	
  St.	
  Louis,	
  MO	
  

IB:	
  1:1000	
  

IB:	
  1:1000	
  

Rabbit	
  pAb	
  anti-‐Keratin14	
  

Developmental	
  Studies	
  
Hybridoma	
  Bank,	
  
University	
  of	
  Iowa,	
  IA	
  
Covance,	
  Princeton,	
  NJ	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Abcam,	
  Cambridge,	
  UK	
  
Novus	
  Biologicals,	
  Littleton,	
  
CO	
  
Cell	
  Signalling	
  
Technologies,	
  Danvers,	
  MA	
  
Cell	
  Signalling	
  
Technologies,	
  Danvers,	
  MA	
  
Enzo	
  Life	
  Sciences,	
  
Farmingdale,	
  NY	
  
Cell	
  Signalling	
  
Technologies,	
  Danvers,	
  MA	
  
Cell	
  Signalling	
  
Technologies,	
  Danvers,	
  MA	
  
Cell	
  Signalling	
  
Technologies,	
  Danvers,	
  MA	
  
Abcam,	
  Cambridge,	
  UK	
  

IB:	
  1:1000	
  

Mouse	
  mAb	
  anti-‐GSK-‐3β	
  

Rabbit	
  mAb	
  anti-‐phospho-‐
Stathmin	
  (Ser38)	
  
Rabbit	
  mAb	
  anti-‐Stathmin	
  

Source	
  

IB:	
  1:1000	
  

IF:	
  1:1000	
  
IF:	
  1:1000	
  
IF:	
  1:1000	
  
IF:	
  1:1000	
  
IF:	
  1:1000	
  
IF:	
  1:1000	
  

Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  
Life	
  Technologies,	
  Carlsbad,	
  
CA	
  

Catalogue	
  
number	
  
G3G4	
  
PRB-‐140C	
  
33-‐4000	
  
ab13970	
  
NBP2-‐
25157	
  
T7451	
  
9336	
  
9832	
  
ADI-‐CSA-‐
335	
  
9397	
  
9393	
  
4191P	
  
ab52630	
  
CLPRB-‐
155P	
  
A11039	
  
A11008	
  
A11001	
  
A11005	
  
A11012	
  
A1105	
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Antibodies*	
  

Working	
  
dilution	
  

Source	
  

Horseradish	
  Peroxidase	
  (HRP)	
  –
Jackson	
  ImmunoResearch,	
  
IB:	
  1:5000	
  
conjugated	
  goat	
  anti-‐mouse	
  IgG	
  
West	
  Grove,	
  PA	
  
Horseradish	
  Peroxidase	
  (HRP)	
  –
Cell	
  Signalling	
  
IB:	
  1:5000	
  
conjugated	
  goat	
  anti-‐rabbit	
  IgG	
  
Technologies,	
  Danvers,	
  MA	
  
*	
  mAb,	
  monocolonal	
  antibody;	
  pAb,	
  polyclonal	
  antibody	
  

Catalogue	
  
number	
  
115-‐038-‐
003	
  
7074	
  

2.5.1 Preparation of anti-β-tubulin antibodies
Hybridoma cells producing anti-β-tubulin antibodies were obtained from the
Developmental Studies Hybridoma Bank (developed under the auspices of NICHD and
maintained by the University of Iowa, Department of Biology, Iowa City, IA 52242, Chu
and Klymkowsky, 1989). Anti-β-tubulin antibodies were obtained from conditioned
culture media. To this effect, cells were cultured in 20 ml Chemically Defined
Hybridoma Medium supplemented with 8 mM L-glutamine at 37oC in a humidified
atmosphere containing 5% CO2 in a T150 cell culture flask. The cells were cultured until
the majority had lifted off the bottom surface of the culture flask (3-4 days). The culture
medium and cells were transferred to a 50-ml conical tube and centrifuged for 10 min at
1000 x g. The supernatant containing the β-tubulin monoclonal antibodies was collected
and buffered by the addition of 1/20 volume of 1M Tris pH 8.0 (final conc. 50mM).
Sodium azide was added to a final concentration of 0.02%, and the solution was divided
into single-use aliquots and stored at -20oC for up to a year.

2.6 Growth curves
KTR cells were seeded onto culture dishes at a density of 1.5 x 104 cells/cm2. Cells were
trypsinized with 0.25% trypsin-EDTA at 24, 48, 72 and 96 h intervals after plating and
the number of trypan blue-excluding cells was determined with a haemocytemeter
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(Strober, 2001). An exponential growth model was fitted to the data using non-linear
regression by the least-squares method.

2.7 Analysis of DNA synthesis
Primary keratinocytes isolated from 2-day-old CD-1 mice and KTR cells were seeded
onto glass coverslips coated with collagen as described in Section 2.11. Cells were
induced to differentiate by culture in high-Ca2+ medium for 0, 24, 48 or 72 h, or cultured
for the times indicated above without the addition of Ca2+. The cells were incubated in
medium containing 10 µM BrdU for 2 h, then fixed as described in Section 2.11.2. Fixed
cells were treated with 2N HCl for 30 min at 22oC to denature DNA, rinsed thrice with
PBS, then processed for immunofluorescence microscopy as detailed in Section 2.11.2.
The fraction of nuclei that showed BrdU immunoreactivity was determined for each
treatment. At least 100 nuclei were assessed per condition.

2.8 Quantitative real-time PCR
Transcript levels of Elmo2, Flg, and Inl (which encode ELMO2, filaggrin and involucrin,
respectively) in CD-1 keratinocytes and KTR cells were measured by quantitative realtime PCR. To this end, total RNA was isolated from cells cultured in low-Ca2+ or highCa2+ medium for 48 h using a Qiagen RNeasy Mini Kit according to the manufacturer’s
instructions. RNA quality was determined using an Agilent 2100 Bioanalyzer and RNA
6000 Nano kit. Only samples with RNA integrity numbers ≥9 were used for subsequent
analysis. The RNA samples (25 ng/sample) were reverse transcribed using SuperScript II
Reverse Transcriptase according to the manufacturer’s instructions. Quantitative real time
PCR was conducted using the cDNA obtained from 25 ng of reverse transcribed RNA,
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primers designed to amplify Elmo2, Flg, or Inl, and SYBR Select Master Mix according
to the manufacturer’s protocol. Primer sequences are summarized in Table 3. Triplicate
cDNA samples for each treatment were amplified for 40 cycles (15 seconds at 95oC
followed by 60 seconds at 50oC per cycle) using a CFX96 Touch Real Time PCR
Detection System. Relative transcript levels were determined by the ΔΔCt method, using
an acceptable coefficient of variance of 4%. Results were normalized to transcript levels
of Rpl6 and Rps29, which encode the ribosomal proteins L6 and S29, respectively (de
Jonge et al., 2007). Relative mRNA levels were calculated by normalizing the transcript
levels of cells cultured in high-Ca2+ medium to those cultured in low-Ca2+ medium for
each cell type.
Table 3: Sequences of primers used for qPCR experiments
GenBank	
  ID	
  
Gene	
  
/	
  
Symbol	
   PrimerBank	
  
ID*	
  
NM_207705.1	
  
Elmo2	
  
/46877042c1	
  
AY_094988.1	
  
Flg	
  
/20750113a1	
  
NM_008412.3	
  
Inl	
  
/	
  6680506a1	
  
NM_011290.5	
  
Rpl6	
  
/254939641c
1	
  
NM_009093.2	
  
Rps29	
   /255308885c
1	
  

Gene	
  
product	
  

Primer	
  sequences	
  

For	
  5’-‐	
  CCGCCTCCGTCTGACATTG	
  -‐	
  3’	
  
Rev	
  5’-‐	
  GCTCCGTGACGTAGAGCTG	
  -‐	
  3’	
  
For	
  5’-‐	
  ATGTCCGCTCTCCTGGAAAG	
  -‐	
  3’	
  
Filaggrin	
  
Rev	
  5’-‐	
  TGGATTCTTCAAGACTGCCTG-‐3’	
  
For	
  5’-‐	
  ATGTCCCATCAACACACACTG-‐3’	
  
Involucrin	
  
Rev	
  5’-‐	
  TGGAGTTGGTTGCTTTGCTTG-‐3’	
  
ELMO2	
  

Amplicon	
  
Size	
  (bp)	
  
187	
  
144	
  
114	
  

Ribosomal	
   For	
  5’-‐	
  GGTGAAAAAGCGCCTGATACA-‐3’	
  
protein	
  L6	
   Rev5’-‐	
  CGGGAGTACCTGCCAATTCC-‐3’	
  

191	
  

Ribosomal	
  
For	
  5’-‐	
  GTCTGATCCGCAAATACGGG-‐3’	
  
protein	
  
Rev	
  5’-‐	
  AGCCTATGTCCTTCGCGTACT-‐3’	
  
S29	
  

69	
  

*Primer	
  sequences	
  are	
  from	
  the	
  PrimerBank	
  database	
  (Spandidos	
  et	
  al.,	
  2008,	
  2009;	
  Wang	
  
and	
  Seed,	
  2003)	
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2.9 Transfection
Cells were transfected as described by Dagnino et al., 2010. Briefly, a 1 mg/ml stock
solution of PEI was prepared by dissolving PEI in ddH2O at 60oC with constant stirring.
The pH of the solution was adjusted to 7.0 with 0.1 M HCl. The solution was sterilized
by filtration through a 0.22-µm pore-size filter and stored in single-use, 1-ml aliquots at 20oC.
For each well of a 24-well plate, 2 µg of the appropriate plasmid DNA were added to
sterile 150 mM NaCl, to a final volume of 94 µl, prior to the addition of 6 µl of 1 mg/ml
PEI solution. The transfection solution was vortexed briefly and incubated at 22oC for 15
min to allow formation of DNA:PEI complexes. This solution was then added dropwise
to a cell culture well containing 0.9 ml of culture medium. For 6-cm culture dishes, 8 µg
of plasmid DNA were added to sterile 150 mM NaCl to a final volume of 440 µl prior to
the addition of 60 µl of 1 mg/ml PEI solution. The DNA mix was added to cell cultures
containing 4.0 ml of culture medium. Four hours after addition of the transfection mix,
the cells were rinsed thrice with sterile PBS, followed by fresh growth medium. The cells
were incubated for 24-48 h prior to processing for immunofluorescence microscopy or
lysate preparation.
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2.9.1 Plasmids used for transfections
Plasmids used are listed in Table 4.
Table 4: Plasmids
Plasmid	
  
mCherry	
  
mCherry-‐ILK-‐V5	
  
GFP	
  
GFP-‐EB1	
  
GFP-‐ELMO2	
  
GFP-‐ELMO2	
  1-‐481	
  
GFP-‐ELMO2	
  481-‐718	
  
GFP-‐ELMO2	
  I12S	
  
GFP-‐ELMO2	
  G72A	
  
GFP-‐ELMO2	
  L156S	
  
GFP-‐ELMO2	
  G218A	
  
GFP-‐RHOG	
  
GFP-‐RHOG	
  Q61L	
  
GFP-‐RHOG	
  T17N	
  
GFP-‐RAC1	
  
GFP-‐RAC1	
  G12V	
  
GFP-‐RAC1	
  T17N	
  

Species	
  
Aquorea	
  
victoria	
  
Human	
  
Aquorea	
  
victoria	
  
Human	
  
Mouse	
  
Mouse	
  
Mouse	
  
Mouse	
  
Mouse	
  
Mouse	
  
Mouse	
  
Human	
  
Human	
  
Human	
  
Human	
  
Human	
  
Human	
  	
  

Plasmid	
  Backbone	
  

Reference	
  

pmCherry-‐C1	
  

Clontech,	
  Palo	
  Alto,	
  CA	
  

pmCherry-‐C1	
  

Ho	
  et	
  al.,	
  2009	
  

pEGFP-‐C2	
  

Clontech,	
  Palo	
  Alto,	
  CA	
  

pEGFP-‐N1	
  
pEBB	
  
pEBB	
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2.10 Analysis of microtubule stability
To determine the concentration of colchicine to use in microtubule stability experiments,
KTR cells were incubated in medium containing 0.5, 1.0, 2.5, 5.0, or 10.0 µM of
colchicine or vehicle (0.1% DMSO) for 1 h. Immediately following colchicine treatment,
cells were either fixed and processed for immunofluorescence microscopy, or rinsed
thrice, then incubated in fresh, drug free culture medium for 24 h prior to processing for
immunofluorescence microscopy, as described in Section 2.11.2.
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In subsequent experiments using colchicine, cells were incubated in 500 µl of growth
medium containing 5 µM colchicine for 20, 40 or 60 min or in medium not containing
colchicine for 60 min immediately prior to methanol fixation and processing for
immunofluorescence microscopy. These samples were analyzed by scoring the
proportion of at least 50 cells with ≥3 microtubules ≥8 µm in length. This feature set was
chosen to for the classification of cells with intact microtubules by observing several cells
that could be unambiguously classified as either having intact or disrupted microtubules.

2.11 Microscopy
2.11.1

Preparation of glass coverslips for microscopy

Glass coverslips were washed in 1M HCl at 60oC for 16 h. The acid solution was allowed
to cool to 22oC, then the coverslips were washed extensively in dH2O, then ddH2O.
Washed coverslips were rinsed with 100% ethanol, then allowed to air dry. The
coverslips were coated with poly-L-Lysine (PLL) by immersion in a 0.1% PLL solution
and incubation at 22oC with gentle rocking for 1 h. PLL-coated coverslips were rinsed
extensively with dH2O, then ddH2O, and 100% ethanol and allowed to air dry. PLL
coated-coverslips were stored in a sterile tissue culture dish at 22oC for up to 6 months.
Prior to use, PLL-coated coverslips were immersed in 70% 2-propanol for 10 min at
22oC, and rinsed thrice with PBS. The coverslips were then coated with type-I rat-tail
collagen by incubation with 250 µl of 50 µg/ml of type-I rat-tail dissolved in 0.02N acetic
acid for 16 h at 37oC, then rinsed thrice with PBS. Keratinocytes were seeded onto the
collagen-coated coverslips at cell densities described in Section 2.2, and cultured until
processing for microscopy, as described in individual experiments.
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2.11.2

Fluorescence and confocal microscopy

To process for microscopy, cells were fixed in -20oC methanol for 3 min at -20oC. The
samples were then rehydrated by rinsing thrice with TBS-TX (0.1% Triton X-100 in
TBS) for 5 min. Cells were first incubated in antibody dilution solution (“AbDil”: TBS0.1% Triton X-100, 2% BSA, 0.1% sodium azide) for 1 h at 22oC with gentle rocking.
Cells were then probed with the primary antibodies indicated in individual experiments,
diluted in AbDil at the concentrations indicated in Table 2 for 1 h at 22oC or overnight at
4oC with gentle rocking. Cells were rinsed thrice for 10 min with TBS-TX, and incubated
with the appropriate AlexaFluorTM-conjugated secondary antibody diluted 1:1000 (v/v) in
AbDil for 1 h at 22oC with gentle rocking, then washed once for 10 min with TBS-TX.
This and all subsequent steps were conducted protecting the samples from exposure to
light. To visualize nuclear DNA, cells were incubated with Hoechst 33342 (1 ng/µl in
AbDil) for 15 min at 22oC with gentle rocking. Samples were then rinsed thrice for 10
min each with TBS-TX. The samples were mounted onto glass microscope slides using
20 µl Immu-mount mounting medium per coverslip, and allowed to dry at 22oC
overnight.
Fluorescence and time-lapse live-cell imaging were conducted using a Leica DMIBRE
fluorescence microscope equipped with an Orca-ER digital camera, and Velocity version
6.3 software. GFP-tagged EB1 “comets” were manually tracked using the MTrackJ
plugin (Meijering et al., 2012) for Image J (Fiji) software version 1.48 (Schindelin et al.,
2012). Microtubule growth rate, duration and length, and catastrophe frequency were
calculated as previously described (Honore and Braguer, 2011). Maximum intensity
projections were obtained from representative time-lapse videos of each cell type by
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projecting the highest intensity pixel at each XY coordinate along the time-axis onto a
single, 2D image using the built-in Z-project tool of Image J (Fiji) (Schindelin et al.,
2012). Montages depicting the path of representative EB1 “comets” over time were
generated as previously described (Dixit et al., 2009).

2.12 Preparation of cell lysates
Cells were harvested from tissue culture dishes by gentle scraping with a Teflon cell
scraper. Collected cells were centrifuged at 200 x g for 10 min at 4oC. After removal of
the supernatant, the cell pellets were processed immediately to prepare cell lysates, or
frozen in liquid nitrogen and stored at -80oC until further use.
To prepare protein lysates for analysis of phosphorylated proteins, cells were lysed in a
volume of PhosphoSafeTM Extraction Reagent containing 1 mM PMSF approximately
four times greater than that of the pellet, and incubated on ice for 30 min with occasional
mixing. All other lysates were obtained by resuspending cell pellets in a volume of
modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 1 mM PMSF, 5 mM NaF, 5
mM Na4P2O7, 2 mM Na3VO4, and1 µg/ml each of aprotinin, leupeptin and pepstatin)
approximately four times greater than that of the pellet, and incubated on ice for 30 min
with occasional mixing. Cellular debris was removed by centrifugation at 18,000 x g for
10 min at 4oC and the supernatant was transferred to a clean tube. The protein
concentration in each sample was determined using Bradford protein quantification
assays. For immunoblot analyses, 25 µg of protein were used per sample.
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2.13 Denaturing polyacrylamide gel electrophoresis and
immunoblot analysis
Protein samples were combined with ¼ volume of 5 x SDS loading buffer (0.25%
bromophenol blue, 0.5 M DTT, 50% glycerol, 10% SDS, 0.25 M Tris-Cl pH 6.8) to a
final sample volume of 50 µl, denatured by heating to 99oC for 5 min, and resolved by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), using 8% or 12% resolving, and
5% stacking polyacrylamide gels. Proteins on the gel were transferred to 0.45-µm pore
size, Immobilon P polyvinylidene difluoride (PVDF) or 0.2-µm nitrocellulose transfer
membranes, using semi-dry electrotransfer. Membranes were blocked by incubation in
AbDil for 1 h at 22oC with gentle rocking, and were probed for 1 h at 22oC with gentle
rocking with the primary antibodies indicated in individual experiments diluted in AbDil.
Following incubation with primary antibodies, the membranes were washed thrice for 10
min each with TBST, then incubated with the appropriate horseradish peroxidaseconjugated secondary antibody (1:5000 v/v in TBST containing 2% BSA) for 1 h at 22oC
with gentle rocking.
When necessary, prior to re-probing, PVDF membranes were stripped using a guanidine
hydrochloride stripping solution (6 M guanidine hydrochloride, 20 mM Tris pH 7.5, 0.8%
2-mercaptoethanol, and 0.02% NP-40) (Yeung and Stanley, 2009). To this end,
membranes were incubated twice in 5 ml stripping buffer for 5 min each at 22oC with
gentle rocking, then rinsed thrice with TBST.
Proteins were detected using Amersham ECL Prime Western Blotting Reagent and
images were obtained using a VersaDoc Imaging System and Quantity One version 4.6
software. Where applicable, stripping was verified using ECL prior to re-probing.
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2.14 Densitometric analyses of immunoblots
Densitometric analyses were performed with Image J (Fiji) software using the built in
Gel Analyzer tool (Schindelin et al., 2012) to acquire an optical density (OD) profile of
each sample. The densitometric value for each lane was determined by calculating the
integral of each OD profile (Gassmann et al., 2009). GAPDH or β-tubulin was used to
normalize for protein loading. Relative density values of phosphorylated proteins were
normalized to total protein levels to obtain adjusted relative values of band density.

2.15 Statistical analyses
GraphPad Prism version 6.0 software was used for statistical analyses, using unpaired
Student’s t tests for two-way comparisons, or one-way analysis of variance (ANOVA)
followed by Bonferroni post-hoc test for multiple comparisons. Differences with a p
value ≤0.05 were considered significant. All experiments were repeated at least three
times.
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Chapter 3 - Results
3

Results

3.1 Microtubule stability is reduced in the absence of ILK
ILK is a ubiquitous scaffold protein required for the development of front-rear polarity
(Ho et al., 2009), directional migration (Ho and Dagnino, 2012b), and the formation of
plasma membrane caveolae in undifferentiated epidermal keratinocytes (Wickström et
al., 2010a). In these cells, ILK modulates β1-integrin-dependent processes. Epidermal
integrins are normally expressed in undifferentiated keratinocytes; however suprabasal,
differentiated keratinocytes cease to express integrins, but continue to express ILK (Watt,
2002; Morasso and Tomic-Canic, 2005), indicating that ILK fulfills novel, β1-integrinindepentent functions in these cells. Similarly, differentiated cultured keratinocytes cease
to express β1-integrin (Appendix A).
The reported observation that α- and β-tubulin can associate with ILK, and that ILK
localizes to centrosomes during mitosis (Fielding et al., 2008), prompted me to
investigate whether ILK plays a role in microtubule dynamics in differentiated
keratinocytes. I first investigated whether measurable parameters of microtubule
dynamics are altered in the absence of ILK. To this end, ILK-expressing (K14Cre;Ilkf/+)
and ILK-deficient (K14Cre;Ilkf/f) keratinocytes were transiently transfected with a vector
encoding GFP-tagged EB1. EB1 is a microtubule plus-end tracking protein that serves as
a marker of microtubule growth events. Following transfection, the cells were induced to
differentiate by culture in medium containing 1 mM Ca2+ (“high-Ca2+ medium”) for 16 h.
Time-lapse fluorescence micrographs were obtained from cells with low levels of GFPEB1 expression to record microtubule plus-end growth, as indicated by GFP-EB1
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fluorescence (Movie, Appendix B). Subsequent image analysis yielded estimates of the
rate, duration and length of microtubule growth, and frequency of catastrophe (Figure
3.1A-D). Whereas ILK-expressing and ILK-deficient cells had similar microtubule
growth rates (0.1569±0.0053 and 0.1720±0.0069 µm/sec, respectively), microtubule
growth duration and track length were approximately 1.7- and 1.6-fold lower,
respectively, in ILK-deficient cells. Further, catastrophe frequency was about 2-fold
higher in ILK-deficient than in ILK-expressing cells. To better visualize microtubule
tracks, maximum intensity projections were generated from representative time-lapse
video images (Figure 3.1E). This analysis revealed that microtubule tracks in ILKexpressing cells were generally long, continuous, and initiated in perinuclear regions.
These tracks extended toward the cell edges, ultimately ending in the vicinity of the
plasma membrane. Although microtubule tracks in ILK-deficient cells also originated in
perinuclear regions, they were short and failed to reach areas adjacent to the cell
membrane. Significantly, whereas microtubule formation followed alternate patterns of
growth and pause in ILK-expressing cells, pauses in microtubule growth usually resulted
in catastrophe in ILK-deficient cells (Figure 3.1F). Thus, in the absence of ILK, sustained
microtubule growth is severely impaired.
To explore if microtubule disassembly is also modulated by ILK in differentiated
keratinocytes, I investigated whether Ilk gene inactivation affects responses to the
microtubule destabilizing drug colchicine. In these experiments, differentiated
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes were incubated in the presence or absence
of colchicine (5 µM), and the proportion of cells with 3 or more microtubules longer than
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Figure	
  3.1.	
  Ilk	
  gene	
  inactivation	
  results	
  in	
  altered	
  microtubule	
  dynamics.	
  
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
transfected with vectors encoding GFP-tagged EB1. Sixteen hours post transfection, cells
were cultured in medium containing 1.0 mM Ca2+ for an additional 16 h after which, MT
dynamics were analyzed by live cell imaging. (A-D) MT growth rate (A), growth
duration (B), growth length (C), and catastrophe frequency (D) in K14Cre;Ilkf/+ and
K14Cre;Ilkf/f keratinocytes (mean + S.D., total number of microtubules tracked per cell
type (N) = 108, microtubules were tracked in a total of 19 ILK-expressing cells and 20
ILK-deficient cells isolated from 3 separate biological replicates (n = 3), unpaired twotailed Student’s t test, *p<0.05).	
  (E) Maximum intensity projections of GFP-EB1 from
Movie S1 and S2. Dashed lines, approximate cell borders as determined by cytosolic
EB1. Scale bar, 12 µm. (F) Movie frames showing the trajectories of GFP-EB1 comets in
ILK-expressing and ILK-deficient keratinocytes. Yellow arrowheads, microtubule tips.
Scale bar, 4 µm.
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8 µm was determined at timed intervals following colchicine addition to growth medium.
The percentage of cells with intact microtubules after culture in medium containing 5 µM
colchicine was significantly lower in ILK-deficient than in ILK-expressing cells at all
time points analyzed. Specifically, 20 min after colchicine treatment, 62.0±2.1% of ILKexpressing and 23.3±3.3% of ILK-deficient cells had intact microtubules, after 40 min of
treatment, 37.0±1.0% of ILK-expressing and 13.0±2.6% of ILK-deficient cells had intact
microtubules, and after 60 min of treatment, 20.7±1.2% of ILK-expressing cells and only
4.3±0.9% of ILK-deficient cells had intact microtubules (Figure 3.2A,B). This indicates
that ILK modulates resistance to microtubule destabilization induced by colchicine.
In a complementary approach, I analyzed levels of acetylated-tubulin in ILK- deficient
and ILK-expressing keratinocytes. Tubulin acetylation is associated with stabilized
microtubules. The levels of acetylated-tubulin relative to total β-tubulin were
approximately 6-fold lower in ILK-deficient than in ILK-expressing cells (Figure 3.3AB). As a control, I also examined the levels of acetylated tubulin in cells treated with 1
µM of taxol, a microtubule stabilizing agent, for 1h. Notably, the levels of acetylated
tubulin normalized to total β-tubulin were higher in taxol-treated cells than in untreated
cells, in both cell types. These observations suggest that tubulin acetylation, per se, is not
appreciably altered in the absence of ILK (Figure 3.3C), but rather, that the ability of
tubulin to remain acetylated and incorporated into stable microtubules is decreased in
differentiated ILK-deficient keratinocytes. Interestingly, total cellular levels of β-tubulin
were approximately 2-fold lower in the absence of ILK, suggesting that ILK may also be
necessary for maintenance of normal β-tubulin levels.
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Figure 3.2. ILK is necessary for microtubule stability in the presence of colchicine.
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were cultured
in medium containing 1.0 mM Ca2+ for 16 h, then in medium containing 5 µM colchicine
for the indicated times. The cells were fixed, processed for microscopy using antibodies
against β-tubulin, stained with Hoechst 33342, and visualized by fluorescence
microscopy. (A) Fluorescence micrographs depicting β-tubulin staining. Scale bar, 12
µm. (B) Microtubule stability was quantified by determining the percentage of cells with
≥3 microtubules ≥8 µm for each treatment (mean ± S.E.M., n=3, ANOVA with
Bonferonni post test, * denotes difference from K14Cre;Ilkf/+ cells, p<0.05).
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Figure 3.3. Acetylated tubulin levels are reduced in ILK-deficient keratinocytes.
Plated K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
cultured in medium containing 1.0 mM Ca2+ for 16 h. Cells were treated with 1 µM of
taxol (taxol +) or 0.1% DMSO (taxol -) for 1 h, then harvested and lysed. (A) Lysates
containing 25 µg of protein were resolved by SDS-PAGE and transferred onto PVDF
membranes for immunoblotting with antibodies against endogenous acetyl-tubulin and βtubulin. GAPDH was used to normalize for protein loading. (B) Densitometric analysis
was used to quantify the relative abundance of acetyl-tubulin normalized to β-tubulin
levels	
  in	
  lysates	
  prepared	
  from	
  DMSO	
  treated	
  ILK-‐expressing	
  and	
  ILK-‐deficient	
  cells.	
  
(C) Densitometric analysis was used to quantify the relative abundance of tubulin
normalized to GAPDH	
  levels	
  in	
  lysates	
  prepared	
  from	
  DMSO	
  treated	
  ILK-‐expressing	
  
and	
  ILK-‐deficient	
  cells	
  (mean + S.E.M, n = 3, unpaired two-tailed Student’s t test,
*p<0.05).	
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3.2 ILK and ELMO2 modulate microtubule stability
Given that abrogation of Ilk expression results in decreased microtubule stability, I next
investigated whether expression of exogenous ILK increases resistance to microtubule
destabilization in differentiated keratinocytes. For these experiments, I used KTR cells, a
line of spontaneously immortalized K14Cre;Ilkf/+ mouse keratinocytes isolated in our
laboratory. These cells are a useful model of epidermal cells because they exhibit similar
responses to Ca2+-induced differentiation as primary cells (Appendix B). For these
experiments, KTR cells were transiently transfected with vectors encoding mCherry and
GFP or mCherry-tagged human ILK and induced to differentiate by culture in high-Ca2+
medium for 16 hours. The cells were then treated with colchicine, and the percentage of
cells with intact microtubules was assessed as described above. Similar to differentiated
primary K14Cre;Ilkf/+ keratinocytes, 62.3±1.9%, 36.7±0.9% and 16.3±1.5% of control
cells expressing mCherry and GFP had intact microtubules after 20, 40, and 60 min of
colchicine treatment, respectively. Expression of exogenous ILK increased the
percentage of cells with intact microtubules after 20, 40 and 60 min of colchicine
treatment by 1.2-, 1.7- and 3.3-fold, to 76.3±1.2%, 63.7±1.8% and 53.7±1.2%,
respectively relative to control cells (Figure 3.4A,B), indicating that the presence of
exogenous ILK exerts a stabilizing effect on microtubules.
ILK binds Engulfment and Motility 2 (ELMO2), and ILK/ELMO2 complexes play key
roles in directional migration in undifferentiated keratinocytes (Ho et al., 2009). ELMO
family members can also modulate microtubule dynamics by recruiting actin crosslinking family 7 (ACF7) to the cell membrane (Margaron et al., 2013). To investigate
whether expression of exogenous ELMO2 can stabilize microtubules,
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Figure 3.4. Exogenous ILK and ELMO2 attenuate the microtubule disrupting effect
of colchicine. KTR cells were transfected with vectors encoding mCherry and GFP, or
mCherry-tagged ILK and/or GFP-tagged ELMO2. Sixteen hours post transfection, cells
were cultured in medium containing 1.0 mM Ca2+ for an additional 16 h, then in medium
containing 5 µM colchicine for the indicated times. The cells were fixed, processed for
microscopy using antibodies against β-tubulin, GFP and mCherry, stained with Hoechst
33342, and visualized by fluorescence microscopy. (A) Fluorescence micrographs
depicting β-tubulin staining. Inset of each panel, staining of GFP, mCherry and Hoechst
33342 to depict transfected cells. Scale bar, 12 µm. (B) Microtubule stability was
quantified by determining the percentage of transfected cells with ≥3 microtubules ≥8 µm
for each treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, * denotes
difference from cells expressing GFP, # denotes difference from cells expressing GFP or
ILK or ELMO2, p<0.05).
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differentiated KTR cells expressing GFP-tagged ELMO2 were treated with colchicine
and microtubule stability was assessed. Exogenous GFP-ELMO2 increased the
proportion of cells with intact microtubules after 20, 40 and 60 min of colchicine
treatment by 1.2-, 1.7- and 2.6-fold, to 72.0±1.7%, 62.3±2.6% and 49.0±1.5%,
respectively, relative to control cells (Figure 3.4A,B). Further, the joint expression of
exogenous ILK and ELMO2 further increased the percentage of cells with intact
microtubules to 86.3±1.5%, 73.3±1.9% and 63.3±0.9% after 20, 40, and 60 min of
colchicine treatment, respectively; a significant increase compared to the expression of
ILK or ELMO2 alone, suggesting the possibility of a cooperative effect between these
two proteins on microtubule stability (Figure 3.4A,B).
To explore whether ILK is required for the microtubule stabilizing function of ELMO2,
differentiated primary K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes expressing
exogenous GFP-ELMO2 were treated with colchicine and microtubule stability was
assessed. Exogenous ELMO2 increased the proportion of ILK-expressing cells with
intact microtubules after 20, 40, and 60 min of colchicine treatment by 1.2-, 1.6-, and 2.9fold, to 75.3±1.8%, 61.3±2.4% and 48.7±1.8%, respectively relative to control cells
expressing GFP (64.0±3.5%, 37.3±1.8% and 16.7±1.8%, respectively, Figure 3.5A,B). In
contrast, the percentage of ILK-deficient cells with intact microtubules in the presence of
exogenous ELMO2 was indistinguishable from that in cells expressing GFP, regardless
of the length of colchicine treatment (Figure 3.5A,B).
To examine whether ILK and ELMO2 association is required for the positive effect of
ELMO2 on microtubule stability, I examined the ability of ELMO2 mutant proteins
incapable of binding ILK to prevent microtubule disruption by colchicine. Several
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Figure 3.5. ILK is required for the effect of ELMO2 on microtubule stability.
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
transfected with vectors encoding GFP or GFP-tagged ELMO2. Sixteen hours post
transfection, cells were cultured in medium containing 1.0 mM Ca2+ for an additional 16
h, then in medium containing 5 µM colchicine for the indicated times. The cells were
fixed, processed for microscopy using antibodies against β-tubulin, and GFP stained with
Hoechst 33342, and visualized by fluorescence microscopy. (A) Fluorescence
micrographs depicting β-tubulin staining. Inset of each panel, staining of GFP and
Hoechst 33342 to depict transfected cells. Scale bar, 12 µm. (B) Microtubule stability
was quantified by determining the percentage of transfected cells with ≥3 microtubules
≥8 µm for each treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, *
denotes difference from K14Cre;Ilkf/f cells expressing GFP, # denotes difference from
K14Cre;Ilkf/f cells expressing GFP or ELMO2 and K14Cre;Ilkf/+ cells expressing GFP,
p<0.05).
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putative Armadillo repeats, important for protein-protein interactions have been identified
in the N-terminal half of ELMO2 (deBakker et al., 2004). The ELMO2 G72A and
ELMO2 L156S mutants lack specific residues critical for the organization of the second
and third Armadillo repeats, respectively, and do not bind ILK (Ho and Dagnino, 2012b).
Significantly, expression of GFP-tagged ELMO2 G72A or ELMO2 L156S in
differentiated KTR cells did not alter microtubule susceptibility to disruption by
colchicine compared to expression of GFP alone, irrespective of the length of colchicine
treatment (Figure 3.6). Together with the experiments of Figure 3.5, these data indicate
that ELMO2 exerts its effect on microtubules through mechanisms that involve its direct
binding to ILK.
ILK and ELMO2 form a ternary complex with active RHOG, which is involved in ILK
induction of front-rear cell polarity (Ho et al., 2009). To examine whether ELMO2
interactions with RHOG are implicated in microtubule stability, I investigated ELMO2
mutant proteins incapable of binding to RHOG. ELMO2 I12S contains a point mutation
that disrupts the first Armadillo repeat, which is required for binding to RHOG but not to
ILK (Ho and Dagnino, 2012b). The presence of ELMO2 I12S increased the percentage of
differentiated KTR cells with intact microtubules after 60 min of colchicine treatment
(from 13.7±1.8% to 32.0±2.1%) but to a lesser extent than wild-type ELMO2
(47.0±2.1%, Figure 3.6A,B). Notably, expression of ELMO2 G218A, an ELMO2 mutant
containing a point mutation that disrupts the structure of the fourth Armadillo repeat but
that can bind to ILK and RHOG (Ho and Dagnino, 2012b), did not alter microtubule
disruption by colchicine, suggesting that additional ELMO2-interacting proteins are
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Figure 3.6. Specific regions of ELMO2 mediate its effects on microtubule stability.
KTR cells were transfected with vectors encoding GFP, GFP-tagged ELMO2, or GFPtagged ELMO2 point mutants. The ELMO2 point mutants used had substitution of
isoleucine 12 with serine (ELMO2 I12S), glycine 72 with alanine (ELMO2 G72A),
leucine 156 with serine (ELMO2 L156S), or glycine 218 with alanine (ELMO2 G218A).
Sixteen hours post transfection, the cells were cultured in medium containing 1.0 mM
Ca2+ for an additional 16 h, then in medium containing 5 µM colchicine for the indicated
times. The cells were fixed, processed for microscopy using antibodies against β-tubulin
and GFP, stained with Hoechst 33342, and visualized by fluorescence microscopy. (A)
Fluorescence micrographs depicting β-tubulin staining. Inset of each panel, staining of
GFP and Hoechst to depict transfected cells. Scale bar, 12 µm. Micrographs depicting
cells transfected with GFP or GFP-tagged ELMO2 are shown in Figure 3.4. (B)
Microtubule stability was quantified by determining the percentage of transfected cells
with ≥3 microtubules ≥8 µm for each treatment (mean ± S.E.M., n=3, ANOVA with
Bonferonni post test, # denotes difference from cells expressing GFP, * denotes
difference from cells expressing GFP or ELMO2, §	
  denotes	
  difference	
  from	
  cells	
  
expressing	
  ELMO2	
  but	
  not	
  GFP, p<0.05).
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required and/or that the conformation of this mutant is substantially altered, precluding
the normal functions of this protein.
Active RHOG and ELMO proteins can also associate with DOCK180, forming a
heteromeric complex that induces RAC1 activation. In this context, ELMO and
DOCK180 serve as a key link between active RHOG and RAC1 (Katoh and Negishi,
2003). In this multiprotein complex, RHOG binds to the N-terminus, and DOCK180 to
the C-terminus, of ELMO proteins (Katoh and Negishi, 2003). To investigate whether the
C-terminus is required for the stabilizing effect of ELMO2 on microtubules, KTR cells
were transfected with vectors encoding GFP-tagged ELMO2 1-481, a C-terminal domain
deletion mutant that can bind to ILK and RHOG but not DOCK180 (Gumienny et al.,
2001a; Ho et al., 2009); or ELMO2 481-718, an N-terminal domain deletion mutant that
lacks the region required for interaction with ILK and RHOG but is capable of interacting
with DOCK180 (Ho et al., 2009; Wu et al., 2001; Brugnera et al., 2002). Neither ELMO2
1-481 nor ELMO2 481-718 increased the fraction of cells with intact microtubules after
colchicine treatment, indicating that the scaffolding properties of both the N- and Cterminal halves of ELMO2 are required for its ability to modulate microtubule dynamics
(Figure 3.7A,B).

3.3 RHOG modulates microtubule stability in an ILKdependent manner
Given that expression of ELMO2 mutants incapable interacting with RHOG resulted in
reduced microtubule resistance to colchicine relative to wild-type ELMO2, I investigated
whether RHOG can stabilize microtubules. I observed that after 20, 40, or 60 min of
colchicine treatment, the proportion of KTR cells with intact microtubules was
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Figure 3.7. The N- and C- termini of ELMO2 are required for its effect on
microtubule stability. KTR cells were transfected with vectors encoding GFP, GFPtagged ELMO2, GFP-tagged ELMO2 1-481, or GFP-tagged ELMO2 481-718. Sixteen
hours post transfection, cells were cultured in medium containing 1.0 mM Ca2+ for an
additional 16 h, then in medium containing 5 µM colchicine for the indicated times. The
cells were fixed, processed for microscopy using antibodies against β-tubulin and GFP,
stained with Hoechst 33342, and visualized by fluorescence microscopy. (A)
Fluorescence micrographs depicting β-tubulin staining. Inset of each panel, staining of
GFP and Hoechst to depict transfected cells. Scale bar, 12 µm. (B) Microtubule stability
was quantified by determining the percentage of 100 transfected cells with ≥3
microtubules ≥8 µm for each treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni
post test, # denotes difference from cells expressing GFP, p<0.05).
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significantly higher in cells expressing ILK (71.0±2.6%, 60.0±2.1% and 50.7±2.3%,
respectively), or RHOG (76.0±0.6%, 61.7±1.9% and 51.3±2.3%, respectively), than in
control cells expressing GFP and mCherry (61.3±2.0%, 34.67±2.40% and 15.3±1.8%,
respectively, Figure 3.8A-C). The expression of constitutively active RHOG Q61L and
the joint expression of ILK and RHOG (wild-type or Q61L) further increased the
proportion of cells with intact microtubules after 40 min of colchicine treatment, to
68.67±1.76%, 69.33±2.03%, and 71.67±1.33%, respectively, although after 60 min of
treatment, this additional protection was lost. Expression of inactive, RHOG T17N had
no effect on microtubule stability relative to GFP and mCherry. Significantly, the
microtubule-stabilizing effect of either wild-type or Q61L RHOG was abrogated in ILKdeficient cells (Figure 3.9A,B), suggesting that ILK functions downstream or together
with RHOG to stabilize microtubules in the presence of colchicine. Furthermore, the
localization of RHOG was not noticeably altered in the absence of ILK (Figure 3.10),
suggesting that ILK acts to mediate the microtubule-stabilizing effect of RHOG on
downstream mediators of its activity, rather than to affect its localization.

3.4 RAC1 stabilizes microtubules downstream of ILK
Active RAC1 reportedly increases microtubule stability at the leading edge of migrating
kidney epithelial cells (Wittmann et al., 2003). To investigate whether RAC1 and ILK are
components of the same pathway that leads to microtubule stability, differentiated KTR
cells expressing exogenous mCherry-tagged ILK and/or GFP-tagged RAC1,
constitutively active RAC1 G12V, or inactive RAC1 T17N were treated with colchicine,
and microtubule stability was assessed. After 60 min of colchicine treatment, the
proportion of cells with intact microtubules was significantly higher in cells expressing
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Figure 3.8. Exogenous RhoG attenuates the microtubule disrupting effect of
colchicine. KTR cells were transfected with vectors encoding GFP, GFP-tagged RhoG,
GFP-tagged constitutively active RhoG Q61L or GFP-tagged inactive RhoG T17N and/or
mCherry or mCherry-tagged ILK. Sixteen hours post transfection, cells were cultured in
medium containing 1.0 mM Ca2+ for an additional 16 h, then in medium containing 5 µM
colchicine for the indicated times. The cells were fixed, processed for microscopy using
antibodies against β-tubulin, GFP and mCherry, stained with Hoechst 33342, and
visualized by fluorescence microscopy. (A and B) Fluorescence micrographs depicting βtubulin staining. Inset of each panel, staining of GFP and/or mCherry and Hoechst to
depict transfected cells. Scale bar, 12 µm. (C) Microtubule stability was quantified by
determining the percentage of transfected cells with ≥3 microtubules ≥8 µm for each
treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, * denotes difference
from cells expressing mCherry and GFP, # denotes difference from cells expressing
mCherry and GFP or ILK, §	
  denotes	
  difference	
  from	
  cells	
  expressing	
  mCherry	
  and	
  
GFP,	
  or	
  ILK	
  or	
  RhoG	
  Q61L,	
  p<0.05).
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Figure 3.9. ILK is required for the effect of RhoG on microtubule stability.
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
transfected with vectors encoding GFP, GFP-tagged RhoG, or GFP-tagged constitutively
active RhoG Q61L. Sixteen hours post transfection, cells were cultured in medium
containing 1.0 mM Ca2+ for an additional 16 h, then in medium containing 5 µM
colchicine for the indicated times. The cells were fixed, processed for microscopy using
antibodies against β-tubulin, GFP and keratin-14, stained with Hoechst 33342, and
visualized by fluorescence microscopy. (A) Fluorescence micrographs depicting βtubulin staining. Inset of each panel, staining of GFP, keratin-14 and Hoechst 33342 to
depict transfected keratinocytes. Scale bar, 12 µm. Micrographs depicting cells
transfected with GFP are shown in Figure 3.2 (B) Microtubule stability was quantified by
determining the percentage of transfected cells with ≥3 microtubules ≥8 µm for each
treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, * denotes difference
from K14Cre;Ilkf/f cells expressing GFP, # denotes difference from K14Cre;Ilkf/f cells
expressing GFP and K14Cre;Ilkf/+ cells expressing GFP, p<0.05).
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Figure 3.10. ILK does not appreciably alter the subcellular localization of RhoG.
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
transfected with vectors encoding GFP, or GFP-tagged RhoG. Sixteen hours post
transfection; cells were cultured in medium containing 1.0 mM Ca2+ for an additional 16
h. The cells were fixed, processed for microscopy using antibodies against GFP, stained
with Hoechst 33342, and visualized by fluorescence microscopy. Boxed areas in upper
micrographs are shown at higher magnification in lower micrographs. Scale bar, 12 µm.
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wild-type RAC1 (49.3±1.9%) or RAC1 G12V (42.3±5.8%) than in cells expressing GFP
(15.3±1.8%) (Figure 3.11A-C). In contrast, expression of inactive RAC1 T17N had no
significant effect on microtubule stability. The joint expression of ILK and RAC1, or ILK
and RAC1 G12V further increased the proportion of cells with intact microtubules after
60 min of colchicine treatment to 60.0±2.3% and 59.7±2.4, respectively, significantly
higher than the expression of RAC1 or RAC1 G12V alone. Co-expression of ILK and
RAC1 T17N had no significant effect on the proportion of cells with intact microtubules
compared to the expression of ILK alone. Interestingly, the proportion of cells expressing
RAC1 G12V with intact microtubules after 60 min of colchicine treatment was not
significantly different from that of cells expressing wild-type RAC1, suggesting that
activation of exogenous, wild-type RAC1 may not have been limiting in the context of
these assays.
Differentiated primary K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes were next used to
determine whether ILK is required for RAC1-mediated microtubule resistance to
colchicine. In ILK-expressing cells, the proportion of cells with intact microtubules after
60 min of colchicine treatment was significantly higher in cells expressing RAC1
(44.0±4.2%) or constitutively active RAC1 G12V (44.67±6.77%) than in control cells
expressing GFP (18.0±2.3%, Figure 12A,B). In ILK-deficient cells, the proportion of
cells with intact microtubules after 60 min of colchicine treatment was similar in cells
expressing exogenous RAC1 (0.0±0.0%) to that in cells expressing GFP (0.7±0.7%).
Notably, the proportion of ILK-deficient keratinocytes with intact microtubules after 60
min of colchicine treatment was increased in cells expressing RAC1 G12V (15.3±1.3%)
compared to cells expressing GFP (0.7±0.7%), indicating that constitutively active RAC1
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Figure 3.11. Exogenous Rac1 attenuates the microtubule disrupting effects of
colchicine. Differentiated KTR cells transiently expressing vectors encoding exogenous
GFP, GFP-tagged Rac1, constitutively active Rac1 G12V, or inactive Rac1 T17N and/or
mCherry or mCherry-tagged ILK were cultured in medium containing 5 µM colchicine
for the indicated times prior to being fixed, stained for GFP and/or mCherry, β-tubulin,
and Hoechst 33342, and visualized by fluorescence microscopy. (A and B) Fluorescence
micrographs depicting β-tubulin staining. Inset of each panel, staining of GFP and/or
mCherry, and Hoechst 33342 to depict transfected keratinocytes. Scale bar, 12 µm. (C)
Microtubule stability was quantified by determining the percentage of transfected cells
with ≥3 microtubules ≥8 µm for each treatment (mean ± S.E.M., n=3, ANOVA with
Bonferonni post test, * denotes difference from cells expressing mCherry and GFP, #
denotes difference from cells expressing mCherry and GFP or ILK, p<0.05).
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Figure 3.12. ILK is required for the effect of Rac1 on microtubule stability.
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were
transfected with vectors encoding GFP, GFP-tagged Rac1, or GFP-tagged constitutively
active Rac1 G12V. Sixteen hours post transfection, cells were cultured in medium
containing 1.0 mM Ca2+ for an additional 16 h, then in medium containing 5 µM
colchicine for the indicated times. The cells were fixed, processed for microscopy using
antibodies against β-tubulin, GFP and keratin-14, stained with Hoechst 33342, and
visualized by fluorescence microscopy. (A) Fluorescence micrographs depicting βtubulin staining. Inset of each panel, staining of GFP, K14 and Hoechst 33342 to depict
transfected keratinocytes. Scale bar, 12 µm. (B) Microtubule stability was quantified by
determining the percentage of transfected cells with ≥3 microtubules ≥8 µm for each
treatment (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, * denotes difference
from K14Cre;Ilkf/f cells expressing GFP, # denotes difference from K14Cre;Ilkf/f cells
expressing GFP and K14Cre;Ilkf/+ cells expressing GFP, p<0.05).
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can effectively protect microtubules in the absence of ILK, and that RAC1 likely
functions downstream of ILK in this microtubules modulatory pathway. Interestingly,
RAC1 localization was mostly cytoplasmic with some cortical staining in ILK-expressing
cells but punctate and displaced from the cortex in ILK-deficient cells, indicating that
ILK is important for the normal subcellular distribution of RAC1 (Figure 3.13).

3.5 Phosphorylated STMN1 levels are reduced in the
absence of ILK
Active RAC1 stabilizes microtubules through its activation of PAK proteins, which
subsequently phosphorylate and inactivate STMN1, a microtubule destabilizing protein
(Daub et al., 2001). Since RAC1 activation is abnormal in ILK-deficient keratinocytes,
and overexpression of constitutively active RAC1 restores microtubule stability in these
cells, I hypothesized that STMN1 phosphorylation may be altered in the absence of ILK.
To test this hypothesis, I analyzed levels of phospho-STMN1 in differentiated primary
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes. The level of phospho-STMN1 normalized
to total STMN1 was 60.33±1.76% lower in ILK-deficient than in ILK-expressing cells
(Figure 3.14A,B). Notably, total STMN1 levels were 53.3±16.8% higher in ILK-deficient
than in ILK-expressing keratinocytes (Figure 3.14C). Together, these data suggest that
RAC1 activation downstream from ILK may promote the inhibition of STMN1 by
phosphorylation, resulting in positive modulation of microtubule stability.

3.6 Altered phosphorylation of GSK-3β and CRMP2 in the
absence of ILK
Although ILK lacks intrinsic kinase activity (Fukuda et al., 2011), levels of inactive
phosphorylated GSK-3β are indirectly modulated by ILK in various cell types
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Figure 3.13. ILK is required for the normal distribution of Rac1. K14Cre;Ilkf/+ and
K14Cre;Ilkf/f keratinocytes isolated from 2-day-old mice were transfected with vectors
encoding GFP, or GFP-tagged Rac1. Sixteen hours post transfection; cells were cultured
in medium containing 1.0 mM Ca2+ for an additional 16 h. The cells were fixed,
processed for microscopy using antibodies against GFP, stained with Hoechst 33342, and
visualized by fluorescence microscopy. Boxed areas in upper micrographs are shown at
higher magnification in lower micrographs. Yellow arrows indicate Rac1 puncta, white
arrows indicate areas of cortical Rac1. Scale bar, 12 µm.
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Figure 3.14. Phosphorylated STMN1 levels are reduced in ILK-deficient
keratinocytes. Plated K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-dayold mice were cultured in medium containing 1.0 mM Ca2+ for 16 h, harvested and lysed.
(A) Lysates containing 25 µg of protein were resolved by SDS-PAGE and transferred
onto PVDF membranes for immunoblotting with antibodies against endogenous
phospho-STMN1 and total STMN1. GAPDH was used to normalize for protein loading.
(B and C) Densitometric analyses were used to quantify the relative abundance of
phospho-STMN1 normalized to total STMN1	
  levels	
  (B)	
  and	
  STMN1	
  normalized	
  to	
  
GAPDH	
  (C)	
  (mean + S.E.M, n = 3, unpaired two-tailed Student’s t test, *p<0.05).	
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(Guo et al., 2007; Imanishi et al., 2007; Oinuma et al., 2007; Delcommenne et al., 1998).
Relevant to microtubule regulation, increased phosphorylation of GSK-3β has been
linked to decreased phosphorylation and consequent inactivation of CRMP2 (Yoshimura
et al., 2005; Fukata et al., 2002). Hence, I analyzed levels of inactive, phospho-GSK-3β
and active phospho-CRMP2 in differentiated K14Cre;Ilkf/+ and K14Cre;Ilkf/f
keratinocytes. I observed that the level of phopho-GSK-3β normalized to total GSK-3β
was 47.0±5.0% lower in ILK-deficient cells than in ILK-expressing cells (Figure
3.15A,B). Conversely, the level of phospho-CRMP2 normalized to total CRMP2 was
62.7±20.2% higher in ILK-deficient cells than in ILK-expressing cells (Figure 3.16A,B).
These results suggest that ILK is an upstream modulator of GSK-3β and CRMP2, which
may, in turn, participate in the regulation of microtubule stability.

3.7 RAC1 increases GSK-3β phosphorylation
Given that expression of constitutively active RAC1 G12V restores microtubule stability
in ILK-deficient keratinocytes, and that GSK-3β phosphorylation is decreased in the
absence of ILK, I examined whether the effect of active RAC1 on microtubule stability
involves inactivation of GSK-3β by phosphorylation. To this end, I analyzed the levels of
phospho-GSK-3β in cell lysates generated from differentiated KTR cells expressing GFP,
or GFP-tagged RAC1, RAC1 G12V, or RAC1 T17N. Levels of phospho-GSK-3β
normalized to total GSK-3β were approximately 1.8-fold higher in the presence of
exogenous RAC1 or RAC1 G12V than in the presence of GFP or RAC1 T17N (Figure
3.17A,B). These results suggest that RAC1 activation may also function upstream of
GSK-3β phosphorylation and microtubule stabilization.
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Figure 3.15. Phosphorylated GSK-3β levels are reduced in ILK-deficient
keratinocytes. Plated K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-dayold mice were cultured in medium containing 1.0 mM Ca2+ for 16 h, harvested and lysed.
(A) Lysates containing 25 µg of protein were resolved by SDS-PAGE and transferred
onto PVDF membranes for immunoblotting with antibodies against endogenous
phospho-GSK-3β and total GSK-3β. GAPDH was used to normalize for protein loading.
(B) Densitometric analysis was used to quantify the relative abundance of phospho-GSK3β normalized to total GSK-3β	
  levels	
  (mean + S.E.M, n = 3, unpaired two-tailed
Student’s t test, *p<0.05).	
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Figure 3.16. Phosphorylated CRMP2 levels are increased in ILK-deficient
keratinocytes. Plated K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes isolated from 2-dayold mice were cultured in medium containing 1.0 mM Ca2+ for 16 h, harvested and lysed.
(A) Lysates containing 25 µg of protein were resolved by SDS-PAGE and transferred
onto PVDF membranes for immunoblotting with antibodies against endogenous
phospho-CRMP2 and total CRMP2. GAPDH was used to normalize for protein loading.
(B and C) Densitometric analyses were used to quantify the relative abundance of
phospho-CRMP2 normalized to total CRMP2 levels	
  (B)	
  and	
  CRMP2	
  normalized	
  to	
  
GAPDH	
  (C)	
  (mean + S.E.M, n = 3, unpaired two-tailed Student’s t test, *p<0.05).	
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Figure	
  3.17.	
  	
  Phosphorylated	
  GSK-‐3β	
  levels	
  are	
  increased	
  in	
  the	
  presence	
  of	
  
exogenous	
  Rac1.	
  Differentiated KTR cells expressing transiently expressing vectors
encoding exogenous GFP, GFP-tagged Rac1, constitutively active Rac1 G12V, or
inactive Rac1 T17N were harvested and lysed. (A) Lysates containing 25 µg of protein
were resolved by SDS-PAGE and transferred onto PVDF membranes for immunoblotting
with antibodies against endogenous phospho-GSK-3β and total GSK-3β. GAPDH was
used to normalize for protein loading. (B) Densitometric analysis was used to quantify
the relative abundance of phospho-GSK-3β normalized to total GSK-3β	
  levels	
  (mean +
S.E.M, n = 5, one-way ANOVA, Bonferonni post test, *	
  indicates	
  difference	
  from	
  cells	
  
expressing	
  GFP,	
  p<0.05).	
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3.9 Pharmacological inhibition of GSK-3β results in
increased microtubule stability in ILK-deficient
keratinocytes.
Thus far, my data have shown that ILK is an upstream regulator of GSK-3β
phosphorylation and that, in the absence of ILK, there is an increase in active GSK-3β
levels. According to this notion, I reasoned that pharmacological inhibition of GSK-3β
activity in ILK-deficient cells would restore microtubule stability. To test this hypothesis,
K14Cre;Ilkf/+ and K14Cre;Ilkf/f keratinocytes were cultured in high-Ca2+ medium for 16
h, then in high-Ca2+ medium containing the GSK-3β inhibitors SB216763 (5 µM) or
SB415286 (25 µM), or vehicle (0.25% DMSO) for 24 h prior to treatment with
colchicine. The percentage of ILK-expressing cells with intact microtubules after 40 min
of colchicine treatment was significantly higher in cells treated with SB216763
(59.33±4.37%) or SB415286 (47.33±4.81%), the in cells treated with vehicle
(39.33±3.71%, Figure 3.18A-C). However, after 60 min, there was no difference between
ILK-expressing cells treated with SB216763 (32.00 ±3.05%), SB415286 (27.33±2.91%),
or vehicle (20.67±4.37%). These results indicate that, in the context of these experiments,
pharmacological inhibition of GSK-3β has a stabilizing effect on microtubules, but that
this effect diminishes with increased length of colchine treatment.
In ILK-deficient keratinocytes, inhibition of GSK-3β partially protected microtubules
from the destabilizing effects of colchicine. Specifically, the percentage of cells with
intact microtubules after 40 min of colchicine treatment was significantly higher in cells
treated with SB216763 (34.00±5.03%) or SB415286 (18.67±5.33%) than in cells treated
with vehicle (2.67±1.76%). However, after 60 min, there was no significant difference
between ILK-deficient cells treated with SB216763 (6.67±1.33%),
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Figure	
  3.18.	
  Pharmacological	
  inhibition	
  of	
  GSK-3β	
  increases	
  microtubule	
  
stability	
  in	
  ILK-‐deficient	
  keratinocytes.	
  K14Cre;Ilkf/+ and K14Cre;Ilkf/f
keratinocytes isolated from 2-day-old mice were cultured in medium containing 1.0 mM
Ca2+ for 16 h, then in medium containing 1.0 mM Ca2+ and 5 µM SB 216763, 25 µM SB
415286, or 0.25% DMSO for 24 h before colchicine treatment. Cells were cultured in
medium containing 5 µM colchicine for the indicated times prior to being fixed,
processed for microscopy using antibodies against β-tubulin and K14, stained with
Hoechst 33342, and visualized by fluorescence microscopy. (A and B) Fluorescence
micrographs depicting β-tubulin staining. Inset of each panel, staining of keratin-14 and
Hoechst 33342 to depict keratinocytes. Scale bar, 12 µm. (C) Microtubule stability was
quantified for each treatment by determining the percentage of cells with ≥3 microtubules
≥8 µm (mean ± S.E.M., n=3, ANOVA with Bonferonni post test, * indicates difference
from K14Cre;Ilkf/f cells treated with DMSO, # indicates difference from K14Cre;Ilkf/f and
K14Cre;Ilkf/+ cells treated with DMSO, §	
  indicates difference from K14Cre;Ilkf/f and
K14Cre;Ilkf/+ cells treated with DMSO and K14Cre;Ilkf/+ cells treated with SB415286,
p<0.05).
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SB415286 (4.67±1.76%), or vehicle (1.33±0.67%, Figure 3.18B,C). These results suggest
that GSK-3β functions downstream of ILK in microtubule regulation. Further, given that
the fraction of ILK-deficient cells with intact microtubules was lower than in ILKexpressing cells in the presence of GSK-3β inhibitors, it is possible that ILK modulates
microtubule stability through additional, GSK-3β-independent pathways.
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Chapter 4 - Discussion
4

Discussion

4.1 Summary and general discussion
Here I have shown that sustained microtubule growth and acetylated tubulin levels are
reduced in the absence of ILK, and, conversely, that exogenous ILK exerts a stabilizing
effect on microtubules. Further, exogenous ELMO2, RHOG and RAC1 have an ILKdepended microtubule stabilizing effect. Potential downstream effectors of ILK that
participate in maintaining microtubule stability include GSK-3β, CRMP2 and STMN1.
Taken together, my results provide evidence for a novel RHOG/ILK/ELMO2-RAC1
pathway in differentiated keratinocytes that likely promotes microtubule stabilization via
CRMP2 activation, together with STMN1 inactivation (Figure 4.1).

4.2 Modulatory role of ILK in microtubule dynamics
The decreased microtubule plus-end growth length and duration in the absence of ILK
suggest that ILK may function by reducing the frequency of microtubule catastrophe.
GFP-tagged EB1 forms comet-like structures on growing microtubule plus-ends, but it is
absent from the plus-ends of depolymerizing microtubules. These characteristics have
established loss of EB1 as a bona fide marker of microtubule catastrophe (Honore and
Braguer, 2011). In the absence of ILK, GFP-EB1 fluorescence in “comets” was more
frequently lost than in ILK-expressing cells, indicating that catastrophe frequency was
increased. The higher frequency of catastrophe is consistent with the shorter microtubule
plus-end tracks and reduced extension toward the cell membrane in ILK-deficient cells.
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Figure 4.1. Proposed model of RhoG/ILK/ELMO2/Rac1 microtubule stabilization
pathway. Bold arrows represent connections for which my data provide functional
evidence; dashed arrows represent connections for which my data provide correlative
evidence; dotted arrows (1) and (2) represent connections for which data reported by
Daub et al., 2001 provide evidence; dotted arrow (3) represents a connection for which
data presented by Yoshimura et al., 2005 provide evidence.
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In other words, microtubules were more likely to undergo catastrophe before they grew
long enough to reach the cell membrane in ILK-deficient than in ILK-expressing cells.
These results are in stark contrast to a recent report that stable overexpression of ILK
increases catastrophe frequency in monoclonal populations of interphase HeLa cells (Lim
et al., 2013). A possible explanation for this difference is that the expected effect of stable
overexpression of ILK is not necessarily opposite to Ilk gene inactivation, nor analogous
to transient ILK expression. Alternatively, the role of ILK in regulating microtubule
dynamics may be cell-type, species, or differentiation-status specific.
It is important to note that high expression levels of C-terminally tagged GFP-EB1 can
interfere with CLIP-170 localization to microtubule plus-ends, and microtubule growth
(Skube et al., 2010). Moderate or high levels of GFP-EB1 (characterized by GFP-EB1
labeling that extends along microtubules and microtubule bundling) displace CLIP170
from microtubule plus-ends. In contrast, low levels of GFP-EB1 (characterized by GFPEB1 fluorescence that is restricted to microtubules plus-ends) do not appear to interfere
with CLIP170 localization and function (Skube et al., 2010). To avoid recording
experimental artifacts that were the result of abnormal CLIP170 localization, I restricted
my analysis to cells with low levels of GFP-EB1 (i.e. those that had GFP-EB1 labeling
restricted to microtubule plus-ends). Furthermore, if the GFP-tag on EB1 prevented the
interaction between microtubule plus-ends and ILK or mediators of ILK, the observed
microtubule dynamics would have been the same in ILK-expressing and ILK-deficient
cells. Since they were not the same, differences in microtubule dynamics can be
attributed to the difference in Ilk expression rather than abnormal EB1 activity resulting
from the addition of a GFP tag.
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Previous studies in organotypic luminal mammary epithelial cell cultures have found that
ILK is required for the establishment of an apico-basal orientation of microtubules
(Akhtar and Streuli, 2013). In this model, ILK acts to recruit EB1 to β1-integrin adhesion
sites, thereby anchoring microtubules at the basal membrane (Akhtar and Streuli, 2013).
Similarly, previous work in undifferentiated keratinocytes suggests that ILK stabilizes
microtubules at β1-integrin adhesions as part of a microtubule capture complex that links
microtubule tips to cortical F-actin (Wickström et al., 2010a). Importantly, since
differentiated keratinocytes lack β1-integrins, my results support a novel, integrinindependent role for ILK in stabilizing microtubules. Further, since microtubule
catastrophe was increased in ILK-deficient cells in the cytoplasm, and consistent with the
reported presence of cytoplasmic ILK pools in keratinocytes (Vespa et al., 2005), ILK
may achieve its function, at least in part, by acting on microtubules in the cytoplasm.
The role of ILK in promoting microtubule stability is in agreement with the lower level
of acetylated tubulin observed in ILK-deficient cells. Tubulin acetylation is a posttranslation modification associated with stable microtubules (Westermann and Weber,
2003; Sasse and Gull, 1988; Piperno et al., 1987). Similar to findings reported by
Wickström et al., 2010, I found lower levels of acetylated tubulin in ILK-deficient cells,
indicating the presence of fewer stable microtubules. Interestingly, I also found that the
level of total β-tubulin was slightly reduced in ILK-deficient cells relative to ILKexpressing cells, suggesting that ILK may be important for the maintenance of normal
levels of cytosolic β-tubulin. It is well established that, in the absence of ILK, the
degradation of PINCH, a binding partner of ILK, is accelerated, possibly due to its
mislocaliziation from adhesion complexes (Legate et al., 2006; Fukuda et al., 2003).
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Similarly, it is possible that a reduction in β-tubulin incorporation into microtubules may
lead to an increase in soluble β-tubulin and its subsequent proteasomal degradation,
possibly mediated by a protein such as Parkin. Parkin is a protein-ubiquitin E3 ligase that
binds to soluble tubulin heterodimers, leading to their accelerated ubiquitination and
degradation (Ren et al., 2003). Additional studies would be necessary to investigate
whether tubulin ubiquitination and degradation are altered in the absence of ILK.
Colchicine sequesters soluble tubulin heterodimers, thereby preventing the
polymerization of new microtubules or microtubule rescue (Borisy, 1967; Wilson, 1973).
As such, only microtubules with stable plus-ends persist in the presence of colchicine.
This makes the fraction of cells with intact microtubules after colchicine treatment a good
indicator of microtubule stability. The observed increase in microtubule disruption by
colchicine in the absence of ILK, and its decrease in the presence of exogenous ILK,
further confirm that ILK promotes microtubule stability. An alternative explanation for
the effect of ILK on microtubule resistance to degradation by colchicine is that ILK acts
to decrease the effective cellular concentration of colchicine, rather than by promoting
microtubule stability per se. However, this is unlikely for two reasons. First, our
observations agree with previous reports that microtubule stability is decreased in
undifferentiated ILK-deficient keratinocytes treated with nocodazole (Wickström et al.,
2010a). Nocodazole also inhibits microtubule polymerization by binding to and
sequestering soluble tubulin heterodimers, but it is structurally dissimilar to colchicine.
Further, although colchicine and nocodazole share a binding site on tubulin, there is also
evidence that nocodazole has a second, unique binding site (Xu et al., 2002; Head et al.,
1985). As such, it is unlikely that the effect of ILK on microtubule stability results from
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ILK interference with colchicine and nocodazole binding to tubulin, as the two drugs can
bind at different tubulin sites. Lastly, microtubule dynamics and acetylation levels are
altered in ILK-deficient cells in the absence of colchicine. Taken together, these data
suggest that ILK positively modulates microtubule stability by acting on microtubule
plus-ends or plus-end associated proteins, rather than by acting on colchicine.
I observed that microtubule pauses usually resulted in catastrophe in the absence of ILK,
whereas, in the presence of ILK, microtubules generally resumed growth after periods of
pause. This is consistent with the notion that ILK plays a critical role in the maintenance
of microtubule plus-ends during pause. Given the scaffolding properties of ILK, it may
achieve this function by recruiting proteins important for microtubule stabilization to
microtubule plus-ends.

4.2.1

Significance of ILK modulation of microtubule dynamics

Given the importance of microtubule dynamics in cellular migration, growth and
division, chemicals that interfere with microtubules, such as the vinca alkaloids
vincristine and vinblastine, which have a similar mechanism of action to that of
colchicine but reduced toxicity, are popular chemotherapeutic agents used in the
treatment of some cancers. However, tumor cells often develop resistance to such agents
(Zhou and Giannakakou, 2005). Therefore, cellular factors that regulate microtubule
stability could potentially be used for future therapies. In particular, ILK expression is
often elevated in human malignancies (Dai et al., 2003; Wong et al., 2007; Younes et al.,
2007). Pharmacological inhibition of the interaction between ILK and proteins that
mediate its effect on microtubule stability, or inhibition of downstream effectors of ILK
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could serve as a potential chemotherapeutic strategy for cancers that have developed
resistance to microtubule disrupting agents.

4.3 Interaction between ILK and ELMO2
My results provide novel evidence that ELMO2 exerts a stabilizing effect on
microtubules in differentiated keratinocytes and that this effect requires its interaction
with ILK. Similarly, exogenous ELMO1 protects microtubules from cold-induced
microtubule destabilization in CHO cells (Margaron et al., 2013), indicating that ELMO
protein family members may serve conserved functions in a variety of cell types.
Interestingly, similar to my observation that microtubule extension to the cell periphery is
reduced in the absence of ILK, previous work has shown that ELMO2 knockdown
impairs microtubule extension to the cell membrane during β integrin-mediated cell
spreading (Margaron et al., 2013). Given that differentiated keratinocytes lack β1integrins, my data ascribe a novel, integrin-independent function for ELMO2 in
stabilizing microtubules.
As a scaffolding protein, ELMO2 interacts with ILK and RHOG to promote front-rear
polarization and directional migration in undifferentiated keratinocytes (Ho et al., 2009).
My findings may provide insight into some of the mechanisms underlying this
phenomenon. Polarized cells generally have asymmetrically distributed microtubules
(Holy et al., 1997), the formation of which is achieved by cortical proteins that regulate
microtubule stability at limited areas of the cell cortex (Mimori-Kiyosue et al., 2005;
Lansbergen and Akhmanova, 2006; Sugioka and Sawa, 2012). Microtubules are
indispensible for directional cell migration, in part through their stabilization by various
proteins at the leading edge of the cell (Ganguly et al., 2012; Watanabe et al., 2005).

119

RHOG/ILK/ELMO2 accumulation at the leading edge may promote front-rear polarity
and cell migration by mechanisms that include stabilizing microtubules in these areas.

4.4 ILK-dependent RHOG modulation of microtubule
stability
My ELMO2 mapping experiments showed that the interaction between ELMO2 and
RHOG is required for the effect of ELMO2 on microtubule stability. The observed
intermediate effect of ELMO2 I12S, a mutant protein incapable of binding to RHOG, on
microtubule stability suggests that some other proteins may also participate with
ILK/ELMO2 complexes, that RHOG increases the efficiency of microtubule stabilization
by ILK/ELMO2 complexes, or that ELMO2 also modulates microtubules by additional,
RHOG-independent mechanisms.
Similar to ILK and ELMO2, my results provide evidence that RHOG has a novel
stabilizing effect on microtubules. Although other research has implicated some Rho
family members as regulators of microtubule stability (Palazzo et al., 2001; Cook et al.,
1998), this study is the first to provide evidence that RHOG, specifically, modulates
microtubule dynamics. Interestingly, RHOG requires stable microtubules for its activity
(Gauthier-Rouviere et al., 1998). Thus, my results provide support for a positive feedback
loop that enhances microtubule stabilization. Importantly, expression of wild-type or
constitutively active RHOG in cells lacking ILK had no effect on microtubule stability,
indicating that ILK is required downstream or in parallel with RHOG for its effects on
microtubule stability. These results provide functional evidence for a novel, ILKdependent effect of RHOG on promoting microtubule stability. The observation that
RHOG subcellular distribution is unaffected by the absence of ILK is consistent with
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previous observations that RHOG recruits ILK and ELMO2 to membrane protrusions in
migrating, basal keratinocytes (Ho and Dagnino, 2012b), and suggests that ILK mediates
the effect of RHOG on microtubule stability as an effector of its activity, rather than by
regulating RHOG subcellular localization.
RHOG T17N has been reported to exhibit a dominant negative effect in certain contexts.
For example, expression of RHOG T17N abolishes spreading of undifferentiated
keratinocytes on a laminin 332 matrix, and neurite outgrowth in rat neurons (Ho et al.,
2009; Katoh et al., 2000). However, in the context of microtubule stabilization in
differentiated keratinocytes, I did not observe a dominant negative effect of RHOG
T17N. Previous work has demonstrated that only active RHOG associates with
ILK/ELMO2 complexes (Ho et al., 2009; Katoh and Negishi, 2003). Thus, the lack of an
observable effect of RHOG T17N on microtubule stability may be due to its inability to
associate with ILK/ELMO2 complexes, which would prevent it from interfering with
their interaction with endogenous RHOG.

4.5 RAC1 modulation of microtubule stability
My results show that exogenous RAC1 increases microtubule stability in differentiated
keratinocytes. Previous work in our laboratory demonstrated that abrogation of Ilk
expression results in impaired RAC1 activation in response to EGF- and KGFstimulation (Sayedyahossein et al., 2012; Nakrieko et al., 2008), and reduced cell
migration (Ho and Dagnino, 2012b). Given that cell migration requires microtubules
(Watanabe et al., 2005), and that active RAC1 increases microtubule stability at the
leading edge of migrating epithelial cells (Wittmann et al., 2003), these data suggest that
RAC1 activation downstream of ILK may be important for keratinocyte migration.
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In cells lacking ILK, exogenous expression of wild-type RAC1 had no effect on
microtubule stability, whereas constitutively active RAC1 restored microtubule stability
to levels similar to those in ILK expressing cells. Taken together, these results indicate
that RAC1 functions downstream of ILK to stabilize microtubules.
My studies may also provide insight into the mechanism of the KGF-induced, ILKRAC1-dependent phagocytic ability of keratinocytes reported by (Sayedyahossein et al.,
2012). Phagocytosis requires local increases in microtubule stability at sites of particle
engulfment (Binker et al., 2007), and colchicine inhibits phagocytic uptake of pathogens
by macrophages (Binker et al., 2007; Kuhn, 1998). Thus, local microtubule stabilization
by ILK-RAC1 may be critical for phagocytic uptake by keratinocytes. This hypothesis
could be tested by examining the cellular distribution of stable microtubules in ILKexpressing and ILK-deficient cells during KGF-induced phagocytosis. Stable
microtubules would be predicted to form around phagocytic cups in ILK-expressing, but
not ILK-deficient cells.
RAC1 can be activated through direct interaction with complexes containing RHOG,
ELMO and DOCK180 (Katoh and Negishi, 2003). In the absence of ELMO, RHOG and
DOCK180 do not associate and RAC1 activation is impaired (Katoh and Negishi, 2003;
deBakker et al., 2004). In this context, ELMO bridges active RHOG, which binds to its
N-terminus, and DOCK180, which binds to its C-terminus, to induce activation of RAC1
(Katoh and Negishi, 2003). Similarly, ELMO2 bridges active RHOG and ILK (Ho et al.,
2009), though it remains to be investigated whether ELMO2 is required for ILKmediated activation of RAC1. My mapping experiments using ELMO2 mutant proteins
suggest that the bridging function of ELMO2 is essential for its effect on microtubule
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stability. Unlike the wild type protein, ELMO2 mutants lacking either the N- or the Cterminus failed to increase microtubule stability, suggesting that the
RHOG/ELMO/DOCK180 induced activation of RAC1 may be important for the effect of
ELMO2 on microtubule stability. The involvement of DOCK proteins in the regulation of
microtubule dynamics remains to be explored. Interestingly, ELMO2 G218A, an ELMO2
mutant containing a point mutation that disrupts the fourth Armadillo repeat had no effect
on microtubule stability. Possible explanations for this observation are that other
ELMO2-interacting proteins that interact with ELMO2 in this region are required, and/or
that the conformation of this mutant is substantially altered, such that ELMO2 is
incapable of performing its bridging functions.

4.6 Downstream effectors of RHOG/ILK/ELMO2-RAC1 on
microtubule stabilization
The altered phosphorylation levels of GSK-3β, CRMP2 and STMN1 in ILK-deficient
cells suggest that these proteins may be involved in mediating the effect of ILK on
microtubule stability. To test the functional significance of the observed decrease in
phosphorylated STMN1 in the absence of ILK, downregulation of STMN1 by RNA
interference could be used in microtubule stability experiments. It would be predicted
that by interfering with the interaction between active STMN1 and microtubules,
microtubule stability would be, at least partially, restored in ILK-deficient cells.
Previous studies have demonstrated that ILK can modulate the levels of phosphorylated
GSK-3β in several cell types. (Fukuda et al., 2011; Delcommenne et al., 1998; Imanishi
et al., 2007; Oinuma et al., 2007). Given that RAC1 activation is positively modulated by
ILK in keratinocytes, the observed increase of phosphorylated GSK-3β in the presence of
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RAC1 (wild type or G12V) suggests that the effect of ILK on GSK-3β phosphorylation
may involve active RAC1 (Nakrieko et al., 2008; Sayedyahossein et al., 2012). I also
showed that pharmacological inhibition of GSK-3β partially restored microtubule
stability in ILK-deficient cells, providing functional evidence that GSK-3β inhibition
downstream from ILK results in positive modulation of microtubule stability. This fits
well with previous observations that active GSK-3β reduces microtubule-assembly
mediated neurite elongation via the phosphorylation and inactivation of CRMP2
(Yoshimura et al., 2005).
The observed increase in phosphorylated CRMP2 in the absence of ILK suggests that
CRMP2 activation downstream of ILK may also participate in ILK stabilization of
microtubules. This proposal could be tested by expressing a nonphosphorylatable form of
CRMP2 in ILK-deficient cells, which would be expected to, at least partially, restore
microtubule stability in ILK-deficient cells. Abnormal phosphorylation of CRMP2 is
related to a variety of human pathologies including encephalitis, various forms of cancer,
and Alzheimer’s disease (Crews et al., 2011; Williamson et al., 2011; Oliemuller et al.,
2013; Shimada et al., 2013). As such, characterizing its regulators could lead to better
therapies for these conditions.

4.7 Conclusion
Proper microtubule dynamics are central for many cellular processes including migration,
polarization, intracellular transport, and cell division. Abnormal microtubule dynamics
are associated with several pathologies, including Alzheimer’s disease, Parkinson’s
disease, ciliopathic diseases and certain cancers. Interfering with proteins that promote
microtubule stability could reduce the proliferation, migration and metastasis of
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aggressive cancers. Here, I have presented evidence for a novel
RHOG/ELMO2/ILK/RAC1 pathway that participates in microtubule stabilization partly
via phosphorylation and inactivation of GSK-3β. The effects of this pathway may be
further mediated by the activation of CRMP2 downstream of GSK-3β inactivation,
and/or the inactivation of STMN1 downstream of RAC1 activation, but future work is
necessary to provide functional evidence for the role of these two proteins in this process.
The proposed pathway represents a potential first step in the development of better
therapeutic strategies for the treatment of disorders associated with abnormal microtubule
dynamics.
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Appendices
Appendix A: β1-integrin is absent from differentiated keratinocytes.
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K14Cre;Ilkf/+ cells were incubated in medium containing 1.0 mM Ca2+ for 0, 4, 8, 16, 24
or 48 h. Cells were then processed for immunofluorescence microscopy (A) or processed
for immunoblotting using antibodies against β1-integrin and GAPDH (B).
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Appendix B: Representative time-lapse video images of GFP-EB1 in
ILK-expressing and ILK-deficient cells.
Video available at http://youtu.be/tE9tvZ8Mk5A
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Appendix C: Characterization of KTR cells
Background
Layers of the skin
The skin is the largest organ in most mammals and comprises the primary interface
between an organism and its environment. The skin has a relatively high regenerative
capacity and performs several functions that are essential to life. It forms a protective
barrier against pathogens, chemicals and UV radiation, it regulates body temperature and
electrolyte balance, and gathers sensory information from the environment (Fuchs, 2007).
The skin consists of the outer epidermis and the inner dermis. The epidermis is a
stratified squamous epithelium composed of keratinocytes at different stages of
differentiation. Undifferentiated keratinocytes with proliferative capacity reside in the
basal layer, attached to the basement membrane that separates the epidermis from the
dermis (Fuchs, 2007). Basal keratinocytes can generate undifferentiated daughter cells for
self-renewal, or keratinocytes that differentiate as they migrate towards the skin surface
(Fuchs, 2007).
Basal keratinocytes adhere to the basement membrane through a variety of proteins,
including β1-integrins (Levy et al., 2000). Asymmetric division of basal cells, in which
the mitotic spindle is oriented perpendicular to the basement membrane, results in an
unequal distribution of β1-integrins in the daughter cells (Lechler and Fuchs, 2005). The
daughter cell adjacent to the basement membrane typically has a higher concentration of
β1- and other integrins, remains attached and retains its proliferative potential. In
contrast, the suprabasal daughter cell delaminates, and is characterized by loss of integrin
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expression and activation of a differentiation program (Levy et al., 2000; Lechler and
Fuchs, 2005).
The first layer of suprabasal daughter cells forms the spinous layer. Postmitotic spinous
cells are metabolically active, synthesizing keratins and envelope proteins, such as
involucrin, which is cross-linked with plasma membrane proteins to form an insoluble
cell envelope (Banks-Schlegel, 1981; Eckert et al., 1993). Cells in the spinous layer form
desmosomes and begin producing lamellar bodies containing lipids, enzymes and
proteins that are exocytosed to form a lipid barrier in upper layers of the epidermis
(Proksch et al., 2008).
As spinous cells move outward, they become granular cells. Keratinocytes in the granular
layer synthesize loricrin, which binds to involucrin to contribute to the formation of the
cornified envelope, and filaggrin, which is important for keratin bundling (Mehrel et al.,
1990; Fleckman et al., 1985). During the terminal stages of keratinocyte differentiation,
granular cells become permeable to calcium, resulting in the activation of
transglutaminases, which cross-link cornified envelope proteins to form a tough
proteinaceous sac around keratin macrofibrils (Proksch et al., 2008). They also lose their
nuclei and exocytose the contents of lamellar bodies into the extracellular space to form a
lipid barrier (Fuchs, 2007). The resulting dead corneocytes and condensed keratin
macrofibrils form the cornified layer; an impermeable seal that is continually replenished
by cells from inner layers as they move outward and are ultimately sloughed from the
skin surface (Fuchs, 2007).
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Primary cultured mouse keratinocytes maintained in growth medium containing low
concentrations of Ca2+ (<0.05 mM) exhibit characteristics similar to basal keratinocytes
(Dotto, 1999). These cells can be induced to differentiate to cells that mimic suprabasal
keratinocytes by increasing the extracellular Ca2+ concentration to ≥ 0.1 mM (Hennings
et al., 1980). Differentiated cultured primary keratinocytes express biomarkers of
keratinocyte differentiation, including involucrin, loricrin, filaggrin, and keratins 1 and 10
(Dotto, 1999; Hennings et al., 1980). However, the expression of basal keratins K14 and
K5, is unaffected by calcium-induced differentiation in culture (Dotto, 1999; Hennings et
al., 1980). Induction of differentiation by high extracellular Ca2+ also results in
irreversible exit from the cell cycle. In these cells, the proportion of cells capable of DNA
synthesis begins to decrease after 5 h of culture with high Ca2+ and is totally inhibited
within 34 h (Hennings et al., 1980). Integrin expression is also down-regulated in
differentiated keratinocytes in culture, similar to differentiated keratinocytes in vivo
(Levy et al., 2000; Watt, 2002).
Although cultured primary cells are generally accepted as a better model for in vivo
processes than cell lines, their use has several limitations. Primary cell cultures are
relatively labour intensive to prepare, are highly heterogeneous depending on the genetics
and ages of the specimens they are isolated from, have a limited lifespan, proliferate
slowly, and are relatively harder to transfect than established cell lines (Hamm et al.,
2002; Maurisse et al., 2010). Immortalized cell lines generally have a high proliferative
capacity, making them easy to culture, are highly homogenous, decreasing experimental
variability, and are easier to transfect than primary cells (Hamm et al., 2002; Maurisse et
al., 2010). The primary drawback of their use is that the factor that gave rise to their
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immortality may have unexpected pleiotropic effects. KTR cells are a line of
spontaneously immortalized keratinocytes isolated in our lab. I investigated their
applicability as a model for differentiated keratinocytes by comparing them to primary
epidermal keratinocytes isolated from 2-day-old CD-1 mice.
KTR cells are a good model for differentiated primary keratinocytes.
KTR cells are K14Cre;Ilkf/+.
To determine whether KTR cells are K14Cre positive, genomic DNA isolated from KTR
cells was amplified using primers designed to anneal to sites within the K14Cre gene.
PCR reactions containing primers specific to the house-keeping gene CPMX1 or no
genomic DNA were used as positive and negative controls, respectively. The successful
amplification of K14Cre was taken as evidence that KTR cells are K14Cre positive
(Figure C1).
Next, to determine whether KTR cells are Ilkf/f, Ilkf/+, or Ilk+/+, genomic DNA from KTR
cells was amplified using primers specific to areas outside the loxp sites of the Ilk allele.
The annealing sites of the primers were chosen such that an amplicon from an excised Ilk
allele would be distinguishable from an amplicon from a non-excised floxed Ilk allele or
a wild-type Ilk allele. The presence of two bands in the amplification product indicated
that KTR cells contain a wild-type Ilk allele and an excised, floxed Ilk allele (Figure C1).
Taken together, these results indicate that KTR cells are K14Cre;Ilkf/+. This cell type is
routinely used in our laboratory as an ILK-expressing control in ILK-knockout
experiments.
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Figure C1. KTR cells are K14Cre;Ilkf/+. Genomic DNA isolated from KTR,
K14Cre;Ilk+/+, K14Cre;Ilkf/+, K14Cre;Ilkf/f, and CD-1 cells was amplified by PCR using
primers specific to the Cre and Cpxm1 alleles, the 5’ loxP site of the floxed Ilk allele
(ILK), or the total floxed Ilk allele (ILK outside loxP). CPXM1/CRE: 281-bp and 420-bp
amplicons correspond to Cre and Cpxm1, respectively. ILK: the 360-bp and 380-bp
amplicons correspond to wild-type and floxed Ilk alleles, respectively. ILK outside loxP:
the 1.9-kbp, 2.1-kbp, and 230-bp amplicons correspond to wild-type, floxed, and Creexcised Ilk alleles, respectively.
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The population doubling time of KTR cells is approximately 24h.
To determine the doubling time of KTR cells, cells were seeded at a density of 3.0 x 104
cells per well of a 24-well plate. Cells were trypsinized at 24, 48, 72, and 96 hour
intervals and cell number was determined using a haemocytometer. Based on the results
of growth curve analysis, the doubling time of KTR cells is 24.27±3.37 hours (Figure
C2).
KTR cells have a similar response to Ca2+ induced differentiation as primary
keratinocytes
DNA synthesis halts as a result of differentiation in KTR and primary cells
Keratinocyte differentiation is a terminal process that involves the arrest of proliferation
as basal keratinocytes switch from self-renewal to differentiation (Dotto, 1999). As a
consequence of reduced proliferation, the synthesis of new DNA is also halted (Dotto,
1999). The reduction in DNA synthesis associated with reduced proliferation can be
detected using bromodeoxyuridine (BrdU), a synthetic analogue of thymidine that is
incorporated into newly synthesized DNA during the S phase of actively replicating cells
(Nowakowski et al., 1989). Replicating cells can then be distinguished from nonreplicating cells using an antibody specific to BrdU. I conducted a BrdU proliferation
assay to determine whether KTR and primary cells have a similar decrease in DNA
synthesis in response to Ca2+-induced differentiation. Primary mouse keratinocytes
isolated from 2 day-old CD-1 mice were seeded onto collagen-I coated (50ng/ml) glass
coverslips at a density of 5 x 105 cells per coverslip and cultured in low Ca2+ medium.
Alternatively, KTR cells were seeded at a density of 7.5 x 104 cells per coverslip.
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Figure C2. KTR cell growth curve shows a doubling time of approximately 24
hours. KTR cells were seeded at a density of 3.0 x 104 cells per well of a 24-well plate.
Cells were trypsinized with 0.125%/0.05% trypsin-EDTA at 24, 48, 72, and 96 hour
intervals and counted with a haemocytometer using the trypan blue exclusion (mean ±
S.E.M., n=3) An exponential growth model was fitted to the data using non-linear
regression by the least-squares method. Doubling time = 24.27 ± 3.37 hours (d.f. = 34, R2
= 0.92).
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Differentiation was induced by culturing in high-Ca2+ medium 24 or 48h prior to
treatment with BrdU. To distinguish between DNA synthesis arrest due to differentiation
and DNA synthesis arrest due to contact inhibition in over-confluent cultures, cells were
cultured in low Ca2+ medium for the same times described above. Differentiated and
undifferentiated cells were then incubated in medium containing 10 µM BrdU for 2h
before being processed for microscopy. The proportion of cells with nuclei that were
BrdU-positive was quantified for each treatment (Figure C3). The proportion of primary
keratinocytes with BrdU-positive nuclei was reduced from 41.6±2.6% in undifferentiated
cells to 4.8±1.1% in cells cultured in high-Ca2+ medium for 72 hours. Similarly, the
proportion of KTR cells with stained nuclei was reduced from 47.5±1.1% to 3.4±1.0%
after 72h of differentiation. After 72 hours of culture in high-Ca2+ medium, the
proportion of primary cells and KTR cells with BrdU-positive nuclei was lower than that
of cells cultured in low-Ca2+ medium for the same duration, indicating that the reduction
in DNA synthesis observed in differentiated cells can be attributed to calcium treatment
rather than contact inhibition as a result of overcrowding. Interestingly, after 72 h of
culture in low-Ca2+ medium, the proportion of KTR cells with BrdU-positive nuclei was
lower than that of primary keratinocytes. This difference may be due to the higher
proliferation rate of KTR cells compared to primary keratinocytes, since DNA synthesis
arrest due to contact inhibition would likely occur earlier in cultures of KTR cells. Cell
type had no effect on the proportion of cells with BrdU-positive nuclei after any length of
culture in high-Ca2+ medium, indicating that KTR cells have the same response to
calcium-induced differentiation as primary keratinocytes in terms of DNA synthesis
arrest; an important indicator of terminal differentiation.

171

Figure C3. Ca2+ induced differentiation arrests DNA synthesis in KTR and
primary cells. KTR cells and keratinocytes isolated from 2-day-old CD-1 mice were
cultured in high-Ca2+ or low-Ca2+ medium for 24, 48 or 72 hours prior to treatment with
10 µM BrdU for 2h. Cells were then processed for microscopy with antibodies against
BrdU. The proportion of cells with BrdU staining was analyzed for each treatment by
fluorescence microscopy (mean ± S.E.M., n=3, ANOVA with Bonferonni post test,
p<0.05, * indicates significant difference from CD-1 cells cultured in high-Ca2+ medium,
# denotes difference from CD-1 cells cultured in high-Ca2+ medium and KTR cells
cultured in low-Ca2+ medium).
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Markers of differentiation in KTR and primary cells
Profilaggrin is a protein precursor of filaggrin, which aggregates and collapses keratin
filaments in differentiated keratinocytes (Sandilands et al., 2009). Involucrin is a protein
precursor of the epidermal cornified envelope (Li et al., 2000). The transcript levels of
profilaggrin and involucrin increase during terminal differentiation, making them good
markers for keratinocyte differentiation (Sandilands et al., 2009; Li et al., 2000). To
confirm that KTR cells have a similar response to Ca2+-induced differentiation as primary
keratinocytes, I examined whether transcript levels of Inl and Flg show a similar increase
in both cell types during differentiation. RNA was isolated from KTR and primary cells
cultured in high-Ca2+ medium for 0 or 48 hours and used to generate cDNA. Relative
transcript levels of Elmo2, Flg and Inl were then analyzed by quantitative PCR and
normalized to transcript levels of Rpl6 and Rps29 (Figure C4). In both cell types, relative
normalized transcript levels of Flg and Inl increased by approximately 30- and 4-fold,
respectively, in differentiated compared to undifferentiated cells. The protein level of
involucrin also showed a similar increase in both cell types (Figure C5). This further
demonstrates the suitability of KTR cells as a model for primary keratinocytes.
E-cadherin, ZO-1, and actin have similar distributions in differentiated KTRs and
primary keratinocytes.
The subcellular localization of E-cadherin, ZO1 and actin in KTR and primary cells
cultured in high-Ca2+ medium for 24 or 48h was analyzed by fluorescence microscopy. In
both cell types, actin-associated fluorescence was distributed primarily along cell borders
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Figure C4. Involucrin and Filaggrin expression in KTR and primary keratinocytes
increase in response to Ca2+ induced differentiation. Elmo2 is expressed in KTR and
primary cells. KTRs and keratinocytes isolated from 2-day-old CD-1 mice were
cultured in medium containing 1.0 mM Ca2+ or medium containing <0.01 mM Ca2+ for
48 hours prior to RNA extraction. RNA was isolated and converted to cDNA. Relative
transcript levels of Elmo2, Flg and Inl were determined by quantitative-PCR and
normalized to transcript levels of Rpl6 and Rps29. (mean ± S.E.M., n=3, one-way
ANOVA, Bonferonni post test, p<0.05, * indicates significant difference from same celltype cultured in low-Ca2+ medium).

175

100

Log relative normalized epression

* *

CD-1 low-Ca2+
KTR low-Ca2+
CD-1 high-Ca2+
KTR high-Ca2+

10

* *

1

0.1

Elmo2

Flg
Target

Inl

176

Figure C5. Involucrin expression in KTR and CD-1 cells increases in response to
Ca2+-induced differentiation. Plated keratinocytes were cultured in high-Ca2+ medium
for 24 or 48h or in low-Ca2+ medium for 48h (indicated as 0h), harvested and lysed. Fifty
µg of lysate were resolved by SDS-PAGE and transferred onto nitrocellulose membranes
for immunoblotting with the indicated antibodies for endogenous proteins. β-tubulin was
used as a loading control.
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after 24h of differentiation (Figure C6). E-cadherin (Figure C7) and ZO1 (Figure C8)
were also found primarily along cell borders in both cell types after 24h of
differentiation; however, the cell borders were less clearly defined in KTR cells than in
primary keratinocytes. The similarity of E-cadherin, ZO1 and actin localization in
differentiated KTR and primary cells further demonstrates that KTR cells are a good
model from primary keratinocytes.
In response to Ca2+-induced differentiation, KTR cells are similar to primary
keratinocytes; both have a decrease in DNA synthesis, an increase in transcript and
protein levels of involucrin, an increase in transcript levels of filaggrin, and peripheral
distribution of actin, ZO-1 and E-cadherin. This, combined with their increased
proliferative and replicative capacities, makes them a convenient model for studying
keratinocyte differentiation.
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Figure C6. Actin is found along cell borders in differentiated CD-1 and KTR cells.
Cells of each type were cultured in medium containing 1.0mM of Ca2+ for the indicated
times, fixed, and processed for fluorescence microscopy with Alexa 594-conjugated
phalloidin. Scale bar, 12 µm.
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Figure C7. E-cadherin is found along cell borders in differentiated CD-1 and KTR
cells. Cells of each type were cultured in medium containing 1.0mM of Ca2+ for the
indicated times, fixed, and processed for fluorescence microscopy with antibodies against
E-cadherin. Scale bar, 12 µm.
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Figure C8. ZO-1 is found along cell borders in differentiated CD-1 and KTR cells.
Cells of each type were cultured in medium containing 1.0mM of Ca2+ for the indicated
times, fixed, and processed for fluorescence microscopy with antibodies against ZO-1.
Scale bar, 12 µm.
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