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Kinesins are motor proteins that associate with microtubules.  The position of the 

motor domain has been linked to kinesin function.  While amino-terminal and 

carboxy-terminal localization of the motor domain is linked to cargo transport, 

kinesins with the motor domain in the middle (M-kinesins) have a role in microtubule 

depolymerization.        

The kinesin-13 family consists of four M-kinesins, KIF2A, KIF2B, KIF2C, and KIF24. 

These proteins regulate the cytoskeleton through their microtubule depolymerizing 

activity.  All four kinesins have reported functions in mitosis, while little is known 



 vi 

about their roles in interphase.  KIF2A and KIF2C are upregulated in cancer cells 

and the increased protein expression influences cell migration and invasiveness.  In 

order to understand how KIF2A and KIF2C influence migration, we analyzed the 

microtubule and actin cytoskeleton in cells manipulated for kinesin expression.  We 

found that depletion of KIF2A increases the number of focal adhesions and stress 

fibers and results in defects in cell spreading.  KIF2A does not influence the 

dynamics of focal adhesion assembly or disassembly.  In contrast, depletion of 

KIF2C prevents re-formation of focal adhesions. has little or no effect on the actin 

cytoskeleton.  Here we uncovered a functional divergence in regulation of the 

cytoskeleton between KIF2A and KIF2C.  Furthermore, this is the first time that an 

M-kinesin, which does not transport cargo, has been shown to influence focal 

adhesion dynamics.        
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CHAPTER 1: INTRODUCTION 

MICROTUBULE MOTORS AND THE CYTOSKELETON 

 
1. Kinesins  

The first kinesin, kinesin-1, was discovered in 1985 as a motor protein with ATPase 

activity that moves along microtubules (Vale et al., 1985). Since then, 45 kinesin 

superfamily proteins (KIFs) in the mammalian genome, and many more splice 

variants, have been identified and many have been characterized (Miki et al., 2001).  

Kinesins are divided into 15 families based on phylogenetic analysis.  Kinesins are 

microtubule motor proteins that have several well-characterized cellular functions. 

They are cargo carriers that transport molecules and organelles along microtubules, 

regulators of steps of mitosis, and they also depolymerize microtubules at tips 

(Hirokawa, 1998; Lawrence et al., 2004; Miki et al., 2001). KIFs contain a highly 

conserved motor domain, which is powered by hydrolysis of ATP (Miki et al., 2001). 

The position of the motor domain has been linked to kinesin function.  There are 

three types of kinesins categorized by the location of the motor domain in the protein 

sequence. N-kinesins contain an amino terminal motor domain and typically 

transport cargo in an anterograde direction towards the microtubule plus ends. C-

kinesins contain a carboxyl terminal motor domain and transport cargo in a 

microtubule minus-end direction. In M-kinesins the motor domain is in the middle of 

the amino acid sequence (Figure 1).  
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Figure 1. Structures of kinesins representative of each of the three types. All 

kinesins have a conserved motor domain with an ATP binding site roughly 100 

residues into the motor domain.  Pleckstrin homology (PH) domain is found in 

numerous proteins involved in intracellular signaling and cytoskeleton remodeling.  

The Forkhead Associated (FHA) domain recognizes phosphothreonine epitopes on 

proteins phosphorylated by serine/threonine kinases.     
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Unlike kinesins that have the motor domains located at either terminus, M-kinesins 

do not transport cargo, but regulate the microtubule cytoskeleton by depolymerizing 

microtubule ends (Desai et al., 1999; Hunter et al., 2003; Newton et al., 2004). M-

kinesins belong to the kinesin-13 family (Figure 2). 
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Figure 2. KIF2A/C localize to and depolymerize the tips of microtubules.  

Cartoon illustrates M-kinesins diffusing across the microtubule lattice until they reach 

the microtubule ends where they interact with tubulin dimers depolymerizing 

microtubule tips.  This image depicts M-kinesins depolymerizing microtubules at one 

end, but M-kinesins can depolymerize microtubule tips from either the plus or minus 

end.    
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2. Kinesin-13 Family 

M-kinesins, KIF2A, KIF2B and KIF2C, belong to the kinesin-13 family along with 

KIF24, which has not been extensively studied.  M-kinesins were originally named 

because all members have motor domains in the middle of the primary sequence.  

Members of this family are homodimeric microtubule depolymerization proteins 

involved in regulating microtubule dynamics. All four members of the kinesin-13 

family are found in human and mouse, while no members exist in S. cerevisiae.  

 

The most extensively reported functions of the kinesin-13 family members are their 

roles in mitosis.  In mitosis they have established actions on spindle assembly, 

spindle dynamics, and chromosome attachment.  KIF2C or mitotic centromere-

associated kinesin (MCAK) was the first kinesin-13 family member shown to be 

important in mitosis (Wordeman and Mitchison, 1995). KIF2C localizes to the 

centromeres, kinetochores and the spindle midzone during mitosis (Andrews et al., 

2004; Kline-Smith et al., 2004; Moores and Milligan, 2006; Wordeman and 

Mitchison, 1995). KIF2C is essential for chromosome alignment where its 

depolymerization activity is required for proper kinetochore-microtubule attachment 

and chromosome movement (Hunter et al., 2003; Kline-Smith et al., 2004; Manning 

et al., 2007; Ohi et al., 2004; Walczak et al., 2002). Loss of KIF2C function in 

mammalian cells results in misaligned and lagging chromosomes during anaphase 

and a block in the transition from prometaphase to metaphase (Kline-Smith et al., 

2004; Zhu et al., 2005). 
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KIF2A localizes to spindle poles and the spindle midzone during mitosis. KIF2A is 

required for bipolar spindle formation and proper spindle dynamics throughout 

mitosis.  Knockdown of KIF2A in HeLa and U2OS cells results in formation of 

monopolar spindles ((Ganem and Compton, 2004; Zhu et al., 2005). In U2OS cells 

loss of KIF2A leads to a block in cell cycle progression (Ganem and Compton, 

2004). 

 

KIF2B is expressed at low levels making its detection difficult.  As a result, it is 

understudied compared to KIF2C and KIF2A.  GFP-KIF2B localizes predominately 

to centrosomes, kinetochores, spindle midbody, midzone and spindle microtubules 

(Manning et al., 2007).  U2OS cells treated with siRNA against KIF2B show defects 

in spindle assembly, chromosome movement, and cytokinesis (Manning et al., 

2007). 

 

These three members of the kinesin-13 family, KIF2A, KIF2C and KIF2B, are 

regulated by mitotic kinases including Aurora A, Aurora B, polo-like kinase 1 (PLK1) 

and cdk1 (in the case of MCAK) (Hood et al., 2012; Jang et al., 2009; Knowlton et 

al., 2009; Sanhaji et al., 2010; Tanenbaum et al., 2011). KIF2A and KIF2C are both 

phosphorylated by Aurora A and Aurora B, negatively regulating their activity in 

mitosis by inhibiting depolmerization activity (Andrews et al., 2004; Knowlton et al., 

2009; Lan et al., 2004; Ohi et al., 2004).  Phosphorylation of KIF2C by Cdk1 also 
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negatively regulates KIF2C function, causing defects in spindle formation and 

chromosome positioning (Sanhaji et al., 2010). PLK1 positively regulates both KIF2A 

and KIF2B in mitosis by increasing depolyermization activity and localizing the 

proteins to microtubules and kinetochores, respectively (Hood et al., 2012; Jang et 

al., 2009).   

 

The final member of the kinesin-13 family, KIF24, was identified relatively recently 

and has been little studied; no functional data are reported.   Because KIF24 

localizes to mammalian centrioles, it is expected to play a part in regulation of 

ciliogenesis (Kobayashi et al., 2011).  

 

The interphase functions of M-kinesins have been little studied. KIF2A, originally 

called KIF2, was first cloned from murine brain (Homma et al., 2003).   KIF2A-/- mice 

die within the first day after birth.  Investigation of their neuroanatomy shows multiple 

abnormalities in microtubule-dependent structures.  Multiple axonal branches are 

present, resulting from overextension of collateral branches.  KIF2A-/- neurons in 

culture show unregulated microtubule growth near the cell edges (Homma et al., 

2003).  Microtubules in wild type cells undergo repeated catastrophe and recovery, 

maintaining a controlled length where microtubules approach the plasma membrane 

and growth is inhibited. Microtubules in KIF2A-/- cells continue to grow after reaching 

the cell edge leading to protruding plasma membranes or curved microtubule 

networks.  This was the first observation that M-kinesins function as microtubule 
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depolymerizers (Homma et al., 2003). Recently, KIF2A activity was shown to be 

required for axonal pruning during mouse development (Maor-Nof et al., 2013).  

The KIF2A ortholog in Drosophila melanogaster, Klp10A, tracks to microtubule tips, 

whereas the KIF2C ortholog, Klp59C, does not track with tips of polymerizing 

microtubules (Mennella et al., 2005).  However, the opposite is true in mammalian 

cells, where KIF2C has been identified at the tips of microtubules and no 

concentration of KIF2A has been found (Moore et al., 2005). 

 

The localization to microtubule tips requires the extreme carboxy-terminal region of 

KIF2C where it associates with microtubule polymerizing tips and its association is 

negatively regulated by phosphorylation at the amino terminus (Moore et al., 2005). 

KIF2C interacts with the microtubule plus-end protein end-binding protein 1 (EB1) 

during interphase (Lee et al., 2008).  KIF2C binds to another plus end tracking 

protein TIP150.  Suppression of EB1 diminishes TIP150 localization to plus ends. 

KIF2C localization to growing microtubule ends requires TIP150 and EB1. 

Knockdown of either protein results in loss of KIF2C at plus ends (Jiang et al., 2009).   

KIF2C is the more potent depolymerizer with three times more activity than KIF2A 

(Ogawa et al., 2004).  KIF2B and KIF24 do not have reported interphase roles.  

 

3. KIF2A and KIF2C in Cancer 

KIF2A and KIF2C have been implicated in many types of cancers, and data suggest 

they are markers for poor prognosis.  KIF2A overexpression was identified in 
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squamous cell carcinoma of the tongue.  The increased expression was statistically 

significant in patients with stage III/IV tumors compared with tumor stages I/II. KIF2A 

knockdown in a human tongue squamous cell carcinoma cell line (Tca8113) leads to 

an inhibition of migration (Wang et al., 2010).  

  

KIF2C overexpression has been reported in human colorectal, and gastric cancer, 

and glioma; higher expression is typical in later stage tumors.  Like KIF2A, increased 

expression of KIF2C is associated with poor prognosis (Bie et al., 2012; Ishikawa et 

al., 2008; Nakamura et al., 2007). Gastric cancer cell lines overexpressing KIF2C 

had higher proliferation and migration rates compared to control cells (Nakamura et 

al., 2007). High protein expression levels of KIF2A and KIF2C contribute to 

resistance to microtubule-stabilizing drugs (Ganguly et al., 2011a; Ganguly et al., 

2011b; Schimizzi et al., 2010).  KIF2C has also been identified as a specific 

biomarker in estrogen receptor negative/HER2 negative breast cancer (Wu et al., 

2013). 

 

Recently, Zaganjor has showed that KIF2A and KIF2C proteins are more highly 

expressed in a panel of human cancer cell lines (Zaganjor et al., 2013). KIF2A or 

KIF2C knockdown in HBEC3KT (non-transformed) and HBEC3KTRL53 

(transformed) cells inhibited cell migration demonstrating that both play a role in cell 

movement.    
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4. Kinesins and Microtubule Interaction 

N- and C-kinesins are maximally stimulated to release ADP along the microtubule 

lattice leading to ATP hydrolysis, converting chemical energy into molecular 

movement.  N-kinesins require the class-specific neck region and the motor domain 

for directional movement.  C-kinesins need the class-specific neck located in the N-

terminus and the motor domain in the C-terminus.  For both kinesin types, these are 

the minimum requirements for movement.   ATP binding results in a conformational 

change in the neck region.  The direction of kinesin movement, either towards the 

plus or minus-end, is determined by the orientation of the neck region when bound 

to microtubules ((Kikkawa et al., 2001; Sablin et al., 1998; Yun et al., 2003).  The 

neck of C-kinesins are positioned towards the minus-ends and those of N-kinesins 

towards the plus-ends of the microtubules.  While, N- and C-kinesins participate in 

cargo transport and active movement along the microtubule lattice, M-kinesins do 

not actively bind and traverse the microtubule lattice (Desai et al., 1999). Instead 

they diffuse along microtubules (Helenius et al., 2006; Hunter et al., 2003) or bind 

other transport kinesins to reach microtubule tips (Hertzer and Walczak, 2008; 

Tanenbaum et al., 2011).  

 

M-kinesins have an amino-terminal globular domain, followed by a highly conserved 

positively charged neck region that is required for microtubule binding (Ems-

McClung et al., 2007). Point mutations in KIF2C that disrupt the positively charged 

neck region result in reduced depolymerization activity in vitro and in vivo 
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(Ovechkina et al., 2002). The neck region has been shown to be important for KIF2C 

and microtubule interaction (Cooper et al., 2010). Following the neck region is the 

centrally located motor domain with an ATP binding site.  This region is required but 

not sufficient for its depolymerization activity (Wordeman et al., 1999).  The C-

terminal region contains a coiled-coil domain important for homodimerization (Figure 

3).  

 

 

 

 

N C 

Subcellular 
Localization Neck Motor Domain Coile

d-co
il 

Subcellular 
Localization Neck Motor Domain Coiled-coil 

1 706 218 552 
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Figure 3. An illustration depicting the domains required for the 

homodimerization of kinesin-13 family members. KIF2A (isoform 3) is used to 

illustrate the kinesin-13 family structure. The N-terminus contains the subcellular 

localization domain and the neck region.  The neck region is critical for microtubule 

interaction.  The motor domain is located in the middle of the protein.  Within the 

motor domain are the ATP-binding site and the microtubule-binding region.    
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The crystal structure of KIF2C provides insight into the mechanisms of 

depolymerizing activity of M-kinesins’ and their interaction with the microtubule 

lattice. 

The four members of the kinesin-13 family contain a highly conserved neck and 

motor domain (Figure 4). KIF2C contains seven distinct structural regions that are 

different from other classes of KIFs and these regions contain residues that are 

highly conserved among the four kinesin-13 family members.  Kinesins contain a 

KVD motif in loop 2 (L2) of the motor domain revealed in crystal structures.  The 

motif contains the most specific cluster of class-specific residues.  Kinesins outside 

the M-class have a short flexible loop 2.   M-kinesins share an extended L-2 region 

with a highly conserved ‘KVD’ peptide motif in their motor domain resulting in a rigid 

structure preventing M-kinesins from binding to the straight conformation of the 

microtubule lattice.  The rigid conformation provides a better binding surface for 

curved microtubule ends where M-kinesins are maximally stimulated to release ADP 

and bind and hydrolyze ATP, completing the ATP cycle.  The hydrolysis of ATP 

leads to the curvature of microtubule ends, and release of ADP by M-kinesins results 

in the dissociation of the tubulin subunits. Kinesin-13 family members must complete 

the ATP cycle for the motor to fall off the microtubule and this dissociates the tubulin 

heterodimer depolymerizing the microtubule (Desai et al., 1999; Hunter et al., 2003; 

Kline-Smith et al., 2004).  
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178  QELREK-------RAQDVDATNP------------------------NYEIMCMIRDFRG  206   KIF2A_HUMAN 

213  SEMRMK-------RAQEYDSSFP------------------------NWEFARMIKEFRA  241   KIF2C_HUMAN 

168  QEIRAR-------RALDVNTRNP------------------------NYEIMHMIEEYRR  196   KIF2B_HUMAN 

152  GILNATAGDSYVQTEISTSLFSPNYLSAILGDCDIPIIQRISHVSGYNYGIPHSCIRQNT  211   KIF24_HUMAN 

 

 
207  SLDYRPLTTADPIDEHRICVCVRKRPLNKKETQMKDLDVITIPSKDVVMVHEPKQKVDLT  266   KIF2A_HUMAN 

242  TLECHPLTMTDPIEEHRICVCVRKRPLNKQELAKKEIDVISIPSKCLLLVHEPKLKVDLT  301   KIF2C_HUMAN 

197  HLDSSKISVLEPPQEHRICVCVRKRPLNQRETTLKDLDIITVPSDNVVMVHESKQKVDLT  256   KIF2B_HUMAN 

212  SEKQNP-----WTEMEKIRVCVRKRPLGMREVRRGEINIITVEDKETLLVHEKKEAVDLT  266   KIF24_HUMAN 

 

 

267  RYLENQTFRFDYAFDDSAPNEMVYRFTARPLVETIFERGMATCFAYGQTGSGKTHTMGGD  326   KIF2A_HUMAN 

302  KYLENQAFCFDFAFDETASNEVVYRFTARPLVQTIFEGGKATCFAYGQTGSGKTHTMGGD  361   KIF2C_HUMAN 

257  RYLQNQTFCFDHAFDDKASNELVYQFTAQPLVESIFRKGMATCFAYGQTGSGKTYTMGGD  316   KIF2B_HUMAN 

267  QYILQHVFYFDEVFGEACTNQDVYMKTTHPLIQHIFNGGNATCFAYGQTGAGKTYTMIGT  326   KIF24_HUMAN 

 

 

327  FSGKNQDCSKGIYALAARDVFLMLKKPNYKKLELQVYATFFEIYSGKVFDLLNRKTKLRV  386   KIF2A_HUMAN 

362  LSGKAQNASKGIYAMASRDVFLLKNQPCYRKLGLEVYVTFFEIYNGKLFDLLNKKAKLRV  421   KIF2C_HUMAN 

317  FSGTAQDCSKGIYALVAQDVFLLLRNSTYEKLDLKVYGTFFEIYGGKVYDLLNWKKKLQV  376   KIF2B_HUMAN 

327  H------ENPGLYALAAKDIFRQLEVSQPR-KHLFVWISFYEIYCGQLYDLLNRRKRLFA  379   KIF24_HUMAN 

 

 

387  LEDGKQQVQVVGLQEREVKCVEDVLKLIDIGNSCRTSGQTSANAHSSRSHAVFQIILRR-  445   KIF2A_HUMAN 

422  LEDGKQQVQVVGLQEHLVNSADDVIKMIDMGSACRTSGQTFANSNSSRSHACFQIILRA-  480   KIF2C_HUMAN 

377  LEDGNQQIQVVGLQEKEVCCVEEVLNLVEIGNSCRTSRQTPVNAHSSRSHAVFQIILKS-  435   KIF2B_HUMAN 

380  REDSKHMVQIVGLQELQVDSVELLLEVILKGSKERSTGATGVNADSSRSHAVIQIQIKDS  439   KIF24_HUMAN 

 

 

446  KGKLHGKFSLIDLAGNERGADTSSADRQTRLEGAEINKSLLALKECIRALGRNKPHTPFR  505   KIF2A_HUMAN 

481  KGRMHGKFSLVDLAGNERGADTSSADRQTRMEGAEINKSLLALKECIRALGQNKAHTPFR  540   KIF2C_HUMAN 

436  GRIMHGKFSLVDLAGNERGADTTKASRKRQLEGAEINKSLLALKECILALGQNKPHTPFR  495   KIF2B_HUMAN 

440  AKRTFGRISFIDLAGSERAADARDSDRQTKMEGAEINQSLLALKECIRALDQEHTHTPFR  499   KIF24_HUMAN 

 

 

506  ASKLTQVLRDSFIGENSRTCMIATISPGMASCENTLNTLRYANRVKELTVDPTAAGD---  562   KIF2A_HUMAN 

541  ESKLTQVLRDSFIGENSRTCMIATISPGISSCEYTLNTLRYADRVKELSPHSGPSGEQ--  598   KIF2C_HUMAN 

496  ASKLTLVLRDSFIGQNSSTCMIATISPGMTSCENTLNTLRYANRVKKLNVDVRPYHRG--  553   KIF2B_HUMAN 

500  QSKLTQVLKDSFIGN-AKTCMIANISPSHVATEHTLNTLRYADRVKELKKGIKCCTSVTS  558   KIF24_HUMAN 
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Figure 4.  Sequence alignment of motor domains of kinesin-13 family 

members.  Conserved residues are highlighted in grey showing the high 

conservation of the motor domain among members of the Kinesin-13 family. The 

structures of KIF2A and KIF2C motor domains have been solved.  The structural 

elements are represented here with β strands highlighted in blue and arrows above 

and α-helices in pink with cylinders.  
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5. The Microtubule and Actin Cytoskeleton 

Cytoskeleton  

Three types of filaments compose the eukaryotic cytoskeleton; actin filaments, 

intermediate filaments and microtubules.  While the actin and microtubule 

cytoskeleton have separate functions, they also share overlapping functions involved 

in cell motility, cell cycle, and cell architecture.  

 
5-1. Microtubule Cytoskeleton 
 
The microtubule cytoskeleton is composed of long polar hollow cylinders of 

repeating heterodimers of alpha and beta tubulin.  Polarized cells, such as neurons, 

have unidirectional microtubules that extend from the cell body to axons and 

dendrites.  In non-polarized cells, such as fibroblasts, microtubules extend from the 

microtubule organizing centers (MTOC) unsystematically to the cell edge.  

Microtubules are characterized by a fast growing plus end, which extends towards 

the cell boundary and a slower growing minus end attached to the MTOC. 

Microtubules continuously undergo a process called “dynamic instability” 

characterized by cycles of shrinkage (catastrophe) and growth (rescue).  Microtubule 

growth at the plus end occurs when alpha and beta heterodimers are bound to 

guanine triphosphate (GTP).  This forms a straight filament allowing the addition of 

more GTP bound heterodimers.  When the rate of GTP hydrolysis occurs faster than 

the addition of tubulin, microtubule ends depolymerize leading to catastrophe.   

Dynamic instability allows microtubules to sample the cellular environment and for 
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the rapid rearrangement of the cytoskeleton upon stimulation. The microtubule 

cytoskeleton contributes to cellular architecture, directional movement, attachment to 

and proper segregation of sister chromatin during mitosis, motility of cilia and 

flagella, and transport of newly synthesized proteins and organelles.  In cancer cells 

microtubules promote migration and invasion.  Microtubule dynamic instability also 

plays two central mitotic functions.  First, microtubule plus ends dynamically grow 

and shrink to capture condensed chromosomes for proper alignment during 

metaphase, leading to successful separation of sister chromatids in anaphase.  

Second, microtubules extend from spindle poles to form a functional bipolar spindle.  

 

5-2. Actin Cytoskeleton 

5-2-1. Stress Fibers 

Actin exists in two forms, filamentous (F-actin) or globular (G-actin).  G-actin binds 

both ADP and ATP.  G-actin bound to ATP can polymerize into F-actin creating actin 

filaments.  Actin filaments are polarized with a plus and a minus end.    

Stress fibers are composed of 10-30 actin filaments.  Observations in fibroblasts 

have resulted in three defined classes of actin stress fibers, dorsal stress fibers, 

transverse arcs, and ventral fibers (Small et al., 1998).  The three types of stress 

fibers have different subcellular localizations, and different assembly and 

disassembly sites. Dorsal fibers attach to focal adhesions at the leading edge of the 

cell, anchoring them to the base of the cell.  The other end of the dorsal fiber loosely 

extends straight back towards the dorsal side of the cell where it often makes 
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contacts with transverse arcs.  Transverse arcs originate behind the lamella at the 

front of the cell and across the leading edge towards the nucleus. They do not 

directly anchor to the base of the cell through contacts with adhesion sites, but 

instead through their interaction with dorsal fibers.   Ventral stress fibers are the 

most common type of stress fiber.  Both ends of ventral stress fibers attach to focal 

adhesions near the cell’s rear.   

 

5-2-2. Leading Edge 

Lamellipodia are protrusions at the leading edge of motile cells composed of actin 

stress fibers.  The stress fibers are arranged in a polar fashion with the plus end 

extending towards the plasma membrane.  The nucleation occurs at the plus end of 

the stress fiber while it shrinks at the minus end, creating a “treadmilling” motion.  

The lamellipodia are thought to be the actual motors that anchor and pull the cell 

forward.  The lamella is located directly behind the lamellipodia and is characterized 

by contractile actin filaments (Vallotton and Small, 2009) usually attached to focal 

adhesions (Choi et al., 2008).  Boundaries between lamellipodia and lamella are 

where adhesion sites originate, making contact with the extracellular matrix that 

generates traction for movement (Kaverina et al., 2002).    

 
5-2-3. Focal Adhesions  

Cellular adhesion to the extracellular matrix (ECM) is essential for cellular migration, 

proliferation, and metastasis, among other processes. Focal adhesions are 

macromolecular complexes containing over 150 proteins that form at sites of integrin 
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adhesion to the ECM (Zaidel-Bar et al., 2007) linking the ECM and the actin 

cytoskeleton.  Adhesion sites also serve as a hub for signaling events. Activated 

integrin clusters form beneath lamellipodia and lamella, creating nascent adhesion 

sites.  Most adhesions are turned over rapidly, but a few mature.  Focal adhesion 

maturation requires the anchoring of stress fibers.  Mature focal adhesion 

attachments provide traction for cell migration. Cell migration requires dramatic 

rearrangement of the actin and microtubule cytoskeleton. Migration is a cycle of 

protrusions, contractions, and the disassembly of focal adhesions. Protrusion of the 

leading edge is followed by focal adhesion attachments to the extracellular matrix 

(ECM) generating traction.  Actin stress fibers anchored to focal adhesions creates 

contractile forces pulling the cell forward. Microtubules are captured by focal 

adhesions at the cell’s rear leading to turnover of adhesion sites (Choi et al., 2008; 

Mitchison and Cramer, 1996).  

 

6. Focal Adhesions and Microtubules 

Focal adhesions capture microtubules and influence microtubule dynamics (Figure 

5) (Efimov et al., 2008; Kaverina et al., 2002; Kaverina et al., 1998; Kaverina et al., 

1997). Focal adhesions are a major site of microtubule catastrophe. Efimov et al 

reported that persistent plus-end microtubule growth is seven times less at adhesion 

sites compared to microtubules that do not contact adhesion sites and that roughly 

40% of microtubule catastrophe occurs at adhesion sites (Efimov et al., 2008). They 
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also found that 90% of microtubules that contact adhesion sites undergo catastrophe 

(Efimov et al., 2008).   

Microtubule dynamics regulate the actin cytoskeleton through small GTPases such 

as Rac1 and RhoA and other microtubule-associated proteins (Krendel et al., 2002; 

Nalbant et al., 2009; Waterman-Storer et al., 1999).  While adhesion sites regulate 

microtubule dynamics, microtubules are required for focal adhesion disassembly 

(Bershadsky et al., 1996). The depolymerization of microtubules by nocodazole 

increases focal adhesion number and size, and washout of nocodazole and 

repolymerization of microtubules leads to focal adhesion disassembly (Ezratty et al., 

2005). The precise molecular events by which focal adhesions and microtubules 

influence each other have yet to be elucidated.   

 

7. Outlook  

We have identified novel interphase roles for two M-kinesins, KIF2A and KIF2C.  

These kinesins are regulators of focal adhesion dynamics and actin stress fibers.  

The two M-kinesins studied have divergent functions in cytoskeleton regulation 

during interphase.  M-kinesins depolymerize microtubule filaments contributing to 

catastrophe and this process is important in focal adhesion turnover.  The 

subsequent chapters investigate the role of KIF2A and KIF2C on the interphase 

cytoskeleton.    
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Figure 5.  An illustration of microtubule capture by focal adhesions. Stable 

microtubules advance to the leading edge of an advancing cell.  Focal adhesions 

influence the dynamics of microtubules.  Microtubules in the rear of the cell are 

captured by focal adhesions and undergo catastrophe.  Focal adhesion disassembly 

also occurs when microtubules contact adhesion sites.  
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CHAPTER 2: KIF2A AND KIF2C ON THE ACTIN 

CYTOSKELETON AND FOCAL ADHESIONS 

 
1. Kinesins and Focal Adhesions  
 
Microtubule polymerization states influence focal adhesion stability.  Dynamic 

microtubules are required for focal adhesion disassembly (Ezratty et al., 2005), but 

the mechanism by which microtubules promote turnover of focal adhesions is not 

known.  Several members of the kinesin superfamily have recently been identified to 

regulate focal adhesions and migration (Ahmed et al., 2012; Krylyshkina et al., 2002; 

Theisen et al., 2012). 

Inhibition of three plus-end directed kinesins leads to increased size of focal 

adhesions.  Inhibition of Kinesin-1 in Xenopus fibroblasts significantly increased the 

size of focal adhesion, but not the number of adhesion contacts.  However, there 

was no change in the microtubule network contacting focal adhesions.  The 

mechanism by which kinesin-1 influences focal adhesion dynamics is not known, but 

it is speculated that the plus-end directed cargo-carrying motor may be required to 

transport specific cargo to microtubule ends for focal adhesion turnover (Krylyshkina 

et al., 2002).  KIF1C stabilizes focal adhesions at the cell’s rear.   Loss of KIF1C 

results in immature turnover of focal adhesions leading to a loss of directionality 

during cell migration (Theisen et al., 2012).  

KIF14 interacts with Radil, a regulator of the small G-Protein Rap1.  Rap1 is required 

for activation and clustering of integrins forming focal adhesions.  KIF14 sequesters 
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Radil on microtubules allowing optimal Radil-Rap1 signaling for cell migration.  

Depletion of KIF14 increased cell spreading, increased the size of focal adhesions, 

and inhibited cell migration.  The proposed mechanism for the observed phenotypes 

is increased Rap1 activity, because Radil is no longer sequestered to microtubules.  

This leads to increased integrin activation and more focal adhesions (Ahmed et al., 

2012).  The precise number of adhesion sites influence optimal cell movement.  Too 

few adhesion sites do not create enough traction for movement and too many results 

in rigidity inhibiting migration.  

 

We and others have shown that KIF2A and KIF2C are involved in cell migration 

(Nakamura et al., 2007; Wang et al., 2010).  We found that In HBEC3KTRL53 cells 

loss of KIF2A has a greater inhibitory effect on cell migration compared to KIF2C.  

Because KIF2A and KIF2C influence rates of migration and many kinesins regulate 

focal adhesions we wanted to investigate if KIF2A and KIF2C regulate focal 

adhesion dynamics.      

   

2. Results 

Immunofluorescence (IF) staining of endogenous and expressed Flag-KIF2A wild-

type (wt) shows a population localizing to cell edges (Figure 6A, B).  Microtubule 

dynamics contribute to migration, mainly through effects on cell polarization, while 

the actin cytoskeleton is critical for cell migration (Etienne-Manneville and Hall, 2003; 

Euteneuer and Schliwa, 1984; Pletjushkina et al., 1994; Rottner and Stradal, 2011).  
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As mentioned in the introduction of this chapter several kinesins have been identified 

as regulators of focal adhesions.  

To explore if the loss of KIF2A and/or KIF2C influences focal adhesions and the 

actin cytoskeleton both kinesins were knocked down for 96 hrs and cells were 

harvested for IF.  Vinculin was used as a focal adhesion marker and phalloidin 

stained actin stress fibers.  Loss of KIF2A results in an increased number of focal 

adhesions per cell (Figure 7A, B).    The localization of focal adhesions is also 

different between control, KIF2A, and KIF2C knock down cells.  Focal adhesions in 

control, KIF2A, and KIF2C knock down cell are localized near the cell edges.  

However, inhibition of KIF2A also results in more internalized focal adhesion away 

from the leading edges.  KIF2A knock down cells have significantly more actin stress 

fibers compared to KIF2C knock down or control cells (Figure 7A). KIF2C knock 

down cells are similar to control cells in the number of focal adhesions (Figure 7A, 

B), but have an increase in F-actin at the cell cortex (Figure 7A).  Depletion of KIF2A 

and KIF2C under normal growth conditions does not result in changes in expression 

of actin cytoskeleton regulators as determined by immunoblots (IB) (Figure 7C). The 

increased number of focal adhesions in cells knocked down for KIF2A is not 

accompanied by an upregulation of vinculin, a marker for focal adhesions (Figure 7 

C).   

 

Dynamic microtubules are required for focal adhesion turnover.  To investigate if the 

increased number of focal adhesions in KIF2A knockdown cells is a result of defects 
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in focal adhesion disassembly or reassembly, serum-starved cells were treated 

nocodazole.  Serum-starved cells depleted of KIF2A and KIF2C appear no different 

from siControl cells, both having a few small focal adhesions near the cell edges 

(Figures 8A, B and 9A, B).  Cells with decreased expression of KIF2A undergo cell 

death at a higher rate following serum starvation conditions (data not shown).  

KIF2C knock down cells appear smaller and more round compared to KIF2A knock 

down or control cells (Figures 8A, B and 9A, B).  Cells were treated for 3 hrs with 

nocodazole.  Nocodazole treatment depolymerizes microtubule filaments resulting in 

an increase of mature focal adhesions.  Cells formed mature focal adhesions near 

the edge with increased F-actin in all conditions; however, larger focal adhesions 

were present in KIF2A cells (Figures 8A, B and 9A, B).   

Nocodazole washout results in the repolymerization of microtubules and the 

disassembly of focal adhesions (Ezratty et al., 2005).   Within 30 min after removal 

of nocodazole, cells appear similar regardless of knock down pretreatment.  Focal 

adhesions are small and located near the leading edge (Figures 8A, B and 9A, B).  

By 60 min after removal of nocodazole nearly all-focal adhesions have been 

disassembled (Figures 8A, B and 9A, B).  Focal adhesion reassembly can be 

detected after 120 after nocodazole removal.  KIF2A knock down cells form more 

focal adhesions after 120 min compared to control cells (Figure 8A, B). The 

dynamics of focal adhesion disassembly and reassembly are similar in KIF2A 

knockdown cells and control cells.  However, at 120 min cells depleted of KIF2C 

expression were unable to reassemble focal adhesions (Figure 9A, B).  
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Similar to loss of KIF2A and KIF2C under normal growth conditions (Figure 7C), 

depletion of KIF2A and KIF2C in serum-starved cells does not change the 

expression of proteins that regulate the actin cytoskeleton (Figure 8C-H and Figure 

9C, D).  The only exception thus far is total cofilin levels.  Cofilin protein levels are 

decreased by two fold compared to control cells at the 60 and 120 min time points 

following nocodazole removal (Figure 8C, E).  Cofilin is required for the turnover of 

actin stress fibers.  When cofilin is phosphorylated its activity is inhibited.  Although 

levels of total cofilin were decreased, there was not a substantial change in the 

amount of phosphorylated cofilin in the background of KIF2A knockdown (Figure 8C, 

D).  

 

We have shown that the actin cytoskeleton is changed upon loss of KIF2A.  To 

explore the function of KIF2A on the actin cytoskeleton further, we examined the 

ability of cells to spread following depletion of KIF2A, KIF2C, and both KIF2A/2C.   

The cell spreading assays was performed by knocking down the proteins for 

approximately 80 hrs, trypsinizing the cells and plating them on coverslips overnight 

in serum-free medium.  Cells were stimulated in fresh medium with 5% fetal bovine 

serum (FBS).  KIF2A-depleted cells have defects in cell attachment. The fraction of 

KIF2A knock down cells attached to coverslips was about half of the attached cells 

following knock down of KIF2C or control  (data not shown). The average area of 
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KIF2A knockdown cells had two-fold less surface area when compared to KIF2C 

and control cells after one hour of serum stimulation (Figure 10A, B).     

 

3. Discussion  

KIF2A is a novel regulator of the actin cytoskeleton.  Previously kinesins have been 

shown to influence focal adhesion dynamics.  KIF14 is thought to actively sequester 

Radil away from Rap1 controlling focal adhesion formation.  It is thought that the 

increase in size of focal adhesions following kinesin-1 depletion occurs as a result of 

failed transport of necessary cargo to adhesion sites in the absence of kinesin-1.  In 

each case, these are hypothesis that have not been fully tested; thus, the exact 

mechanisms have not been elucidated.  The mechanism by which KIF2A influences 

focal adhesion sites are most likely different from those suggested for KIF14 and 

kinesin-1.  To date, KIF2A does not actively attach to the straight microtubule lattice 

like KIF14, and it does not carry cargo like kinesin-1.  Therefore, future experiments 

will need to be performed to understand if KIF2A’s depolymerization activity results 

in changes in focal adhesion dynamics or if the function is independent of this 

property.  Loss of KIF2A inhibits cells from attaching and spreading.  

Rearrangements of the actin cytoskeleton and signal events are required for cell 

spreading. Inhibition of KIF2A influences the actin cytoskeleton suggesting that the 

defects in cell attachment and spreading are a result of KIF2A’s influence on actin.   
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Figure 6. A population of KIF2A localizes to the cell edge.  (A.) Endogenous 

KIF2A is localized to the plasma membrane in HBEC3KT cells (image from Elma 

Zaganjor). (B.) Transfected Flag-KIF2A wt localizes to the plasma membrane in 

HeLa cells. Flag-rabbit antibody was used to detect construct.  Arrows highlight 

KIF2A near the cells edge.    
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Figure 7.  Loss of KIF2A leads to increased numbers of focal adhesions and 

stress fibers in HeLa cells. Cells were transfected with siRNAs against KIF2A and 

KIF2C and transfected a second time after 48 hrs. Cells were harvested after a total 

of 96 hrs following siRNA for immunofluorescence and immunoblotting. (A.) The 

number of focal adhesions and stress fibers are increased in KIF2A knockdown cells 

compared to control or KIF2C depletion.  (B.) Quantification of images in A 

measuring the number of focal adhesions per cell.  Briefly, ten fields were imaged 

and the number of focal adhesions per cell were counted using imageJ 3D counter.  

(C.) Lysate proteins (20 µg) were resolved on gels and immunoblotted to detect the 

indicated proteins. Samples were prepared in triplicate using a single siRNA 

oligonucleotide against each KIF.   
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Figure 8. The disassembly and reassembly of focal adhesions in KIF2A knock 

downs cells following serum starvation and exposure to nocodazole.  (A and 

B). Cells were treated with siControl or siKIF2A oligonucleotides for 48 hrs.  

Knockdown was repeated and cells were placed in serum-free DMEM for 48 hrs.  

Cells were treated with 10 µM nocodazole for 3 hrs and nocodazole was then 

removed.  Cells were harvested for immunofluorescence or immunoblotting at the 

indicated times.  Vinculin was used to stain focal adhesions and phalloidin was used 

to stain actin stress fibers.  Scale bar 10 µM. (C and E.) Immunoblots from cells 

harvested from wells in A and B.  (D, F, G and H.) Quantification from blots in C and 

E, representatives from two experiments.  
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D. 

                        
 

Figure 9. Inhibition of KIF2C suppresses the reassembly of focal adhesions in 

serum-starved cells. (A and B.) Cells were treated with siControl or siKIF2C 

oligonucleotides for 48 hrs.  Knockdown was repeated and cells were placed in 

serum-free DMEM for 48 hrs.  Cells were treated with 10 µM nocodazole for 3 hrs 

and nocodazole was removed.  Cells were harvested for immunofluorescence or 

immunoblotting at the indicated times.  Vinculin was used to stain focal adhesions 

and phalloidin was used to stain actin stress fibers. Scale Bar is at 10 µM, (C.) Cells 

were harvested from the wells used for IF and lysates (20 µg) were resolved on 

SDS-PA gels and Immunoblotting was conducted for the indicated proteins. (D.) The 

quantification from the IB from panel C, representative from two experiments.
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Figure 10. HeLa cells depleted of KIF2A do not spread following serum 

Stimulation. (A.) KIF2A, KIF2C or KIF2A/C were knocked down in HeLa cells for 80 

hrs.  Cells were trypsinized and plated on glass cover slips overnight in serum-free 

DMEM.  Cells were treated with 5% FBS in fresh DMEM for 1 hr and fixed for 

immunofluorescence. Scale Bar is 10 µM.  (B.) The quantification of images from 

panel A measuring average surface area per cell.  Surface area was calculated 

using ImageJ.  Unpaired t-tests were performed for statistical significance (*** = p 

<0.001 and **** = p <0.0001). 
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CHAPTER 3. INVESTIGATING THE SUB-CELLULAR 
LOCALIZATION OF KIF2A 

 
1. Nuclear Transport  

The nucleus is the defining feature of eukaryotic cells, separating the nucleoplasm 

from the cytoplasm.  The nuclear envelope is composed of a double lipid bilayer 

sequestering the genetic material from the translational machinery.  Cytoplasmic 

signaling events result in downstream activation of transcription factors that requires 

signaling molecules to move into the nucleus.  Nucleo-cytoplasmic trafficking is an 

essential function of eukaryotic cells and is mediated through the nuclear pore 

complex (NPC).  The NPC perforates the nuclear membrane at the site where the 

inner and outer nuclear membranes merge forming the sole channel for nucleo-

cytoplasmic trafficking. A nucleus may have as many as 2000 nuclear pores.  The 

diameter of the pore permits passive diffusion of molecules under 40 KDa.  Large 

molecules that do not interact specifically with pore proteins must be actively 

transported through the NPC. 

Nucleocytoplasmic trafficking is a tightly regulated process essential in preventing 

the mislocalization of many proteins including tumor suppressors and/or oncogenes.    

Families of soluble transport receptors known, as Karyopherins, are responsible for 

shuttling cargo into and out of the nucleus.   

The small GTPase, Ran, is the driving force of nuclear trafficking. Ran is regulated 

by Regulator of chromosome condensation 1 RCC1, a guanine nucleotide exchange 

factor (GEF), and RanBP2, a GTPase-activating protein (GAP).  RCC1 is 
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sequestered in the nucleus while RanBP2 is cytoplasmic.  The different Ran states 

are required to dissociate the nuclear import and export receptor complexes.  This 

asymmetric distribution of Ran regulators creates a gradient such that Ran-GTP is 

nuclear and Ran-GDP is cytoplasmic and is required for nuclear transport 

(Izaurralde et al., 1997).  

 

Karyopherins    

Karyopherins are bidirectional transporters classified into two groups; import 

(importins) or export (exportins) receptors.  There are over twenty Kapβs in the 

human genome and the majority can bind their cargo directly through as yet poorly 

characterized nuclear localization motifs.  However, karyopherin α (Kapα also 

termed importin α) serves as an adaptor protein for Karyopherinβ1 (Kapβ1 or 

importin β1).  Together importin α and Kapβ1 form a heterodimer to import cargo.  

There are six importin α genes in the human genome.  Importin α recognizes a 

signal sequence termed the classic nuclear localization signal (cNLS) on cargo 

proteins in the cytoplasm.  Once importin α binds its cargo protein, it then interacts 

with Kapβ1 to form a tertiary import complex.  The complex docks at the nuclear 

pore complex where Kapβ1 interacts with FG-rich nucleoporins to transverse the 

nuclear pore.  In the nucleus, RanGTP binds the complex and dissociates importin α 

from its cargo.   
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The above Ran-dependent import process is the same for Kapβs that import their 

cargo directly.   The export process is the reverse in that exportins recognize and 

bind their cargo in the nucleus along with Ran-GTP.  The receptor complex is then 

transported across the nuclear pore complex into the cytoplasm.  In the cytoplasm 

Ran-GTP hydrolysis results in the separation of the receptor from the cargo.    

 

Proteins that undergo nucleo-cytoplasmic transport contain sequence signals that 

are recognized by karyopherins.  The Kapα-Kapβ1 heterodimer recognizes cNLSs 

that are generally a single (monopartite) or two (bipartite) clusters of basic amino 

acids.  The first cNLS identified was a monopartite NLS from the SV40 large T-

antigen (PKKKRKV) (Kalderon et al., 1984).  The prototype for the bipartite NLS is 

the nuceloplasmin NLS (VKRPAATKKAGQAKKKKLD) (Dingwall and Laskey, 1991; 

Robbins et al., 1991).  The monopartite cNLS consensus sequence is K(K/R)X(K/R) 

and the bipartite consensus is (K/R)(K/R)X10–12(K/R)3/5.  

 

Many nucleo-cytoplasmic transport receptors are misregulated in cancer.  The 

transport receptors are often mislocalized and increased levels of the proteins have 

been observed.  This is thought to lead to the aberrant localization of oncogenes and 

tumor suppressers.  This section will focus on importin alpha in cancer.  

KPNA2 (Importin α 1) is one of the six members of the importin α family.  Aberrant 

KPNA2 expression is a negative prognostic factor in many cancers and is often 

mislocalized ((Christiansen and Dyrskjot, 2013; He et al., 2012).  
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2. Importin α and KIF2A 

In Xenopus embryos KIF2A interacts with and is negatively regulated by importin α.  

Importin α binds a cNLS located in the motor domain of KIF2A preventing KIF2A’s 

interaction with microtubules.  During embryonic development importin α is titrated 

out of the cytoplasm to the plasma membrane and KIF2A is able to interact with 

microtubules.  The interaction results in microtubule depolymerization leading to 

rapid rounds of embryo division (Wilbur and Heald, 2013). 

 

3. Results  

Our lab showed KIF2A and KIF2C expression was upregulated in HBEC3KTRL53 

cells compared to HBEC3KT cells.  Human bronchial epithelial cells (HBEC) from 

different donors (indicated by a number) were immortalized by expression of human 

telomerase reverse transcriptase (hTERT) and CDK4, yielding HBEC3KT, 

HBEC30KT, etc (Ramirez et al., 2004).  The cells were further manipulated by stable 

knockdown of p53 (HBEC3KT53).  Loss of wild type p53 is required for HBEC to 

bypass Ras-induced senescence.  K-RasG12V was stably expressed in p53 

knockdown cells yielding HBEC3KTRL53.  Both kinesins contribute to proper mitotic 

progression.  To determine if the increased amounts of KIF2A and KIF2C were a 

result of changes in cell cycle, KIF2A and KIF2C were depleted from 

HBECK3KTRL53 cells for 96 hrs (Figure 11B).  Cells were harvested as an 

asynchronous population and subjected to fluorescence-activated cell sorting 
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(FACS) analysis. There was no change in cell cycle profiles (Figure 11A), 

suggesting that increased expression of KIF2A and KIF2C in HBEC3KTRL53 cells 

and potentially in cancer cells is not necessary to maintain the cell cycle. To validate 

that HBEC3KTRL53 cells were still responsive to cell cycle arrest.  HBEC3KTRL53 

cells were treated with taxol.  FACS analysis confirmed that HBEC3KTRL53 cells 

were arrested in G2 following taxol treatment (Figure 11C).  This control experiment 

confirms HBEC3KTRL53 cells can still be arrested; further confirming that knocking 

down KIF2A and KIF2C in these cells did not influence cell cycle dynamics.  

Because KIF2A protein is upregulated in HBEC3KTRL53 cells and the function of 

increased expression appears to be independent of the cell cycle, nucleo-

cytoplasmic fractionation was performed on HBEC3KT, HBEC3KTRL53 and HeLa 

cells to determine if there was a difference in KIF2A subcellular localization in these 

three cell types.  In HBEC3KT cells, KIF2A and KIF2C are mainly nuclear with 

KIF2C expression barely detectable. However, in HBEC3KTRL53 cells, there is a 

large shift of both KIF2A and KIF2C proteins to the cytosol (Figure 12A).  HeLa cells 

had about an equal distribution for KIF2A and the majority of KIF2C was nuclear 

(Figure 12A).  To further analyze the difference in KIF2A subcellular localization 

between HBEC3KT and HBEC3KTRL53, equal numbers of cells were fractionated. It 

appears that nearly the same amount of KIF2A is located in the nucleus for both cell 

types, but in HBEC3KTRL53 cells the additional protein is localized to the cytosol 

(Figure 11B).    

Cancer cells upregulating KIF2A migrate faster than control cells (Wang et al., 2010)  
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We hypothesize that changes in the subcellular localization of KIF2A might 

contribute to cancer phenotypes such as increased motility and invasiveness. The 

NLS prediction software NLSStradamus was used to identify potential NLSs in the 

amino acid sequence of KIF2A (Nguyen Ba et al., 2009). The software predicted two 

overlapping NLS: a monopartite, 169 – KREKRR – 174 and a bipartite sequence, 

154 – RRKS – 157 and 164 – EKLQEKREKRR – 174.  The NLS identified previously 

in Xenopus was not predicted for the mammalian protein.  Based on the above 

prediction software and previous studies (Wilbur and Heald, 2013) the mammalian 

KIF2A sequence has two potential NLSs.  One is located in the neck region prior to 

the kinesin motor domain, and the second is in the motor domain (Figure 13A).  To 

evaluate the function of cytoplasmic KIF2A, mutants with changes in the NLS were 

generated as tool to relocalize KIF2A into the cytoplasm.    

The two sequences identified by the NLSStradamus software overlapped, so the 

monopartite sequence that fits a cNLS pattern K(K/R)X(K/R) was chosen for our 

studies.  The lysine residues at positions 169 and 172 were both changed to alanine 

residues through site-directed mutagenesis (Figure 13B).    

The two-lysine residues in the second NLS, 444 – RRKGK – 448, were mutated to 

glutamic acid residues (Figure 13B).  This was done because this mutation was 

created in a previously published study (Wilbur and Heald, 2013).  

 

The mutant NLS plasmids were transfected into HeLa cells and biochemical and 

immunofluorescence were used to determine localization.  Flag-KIF2A wt, Flag-
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KIF2A NLS(169-174), and Flag-KIF2A NLS(444-448), were expressed in HeLa cells 

for 18 hrs and the cells were subjected to nucleo-cytoplasmic fractionation.  Flag-

KIF2A wt localizes nearly equally to the nucleus and cytoplasm similar to 

endogenous KIF2A, while Flag-KIF2A NLS(169-174), and Flag-KIF2A NLS(444-448) 

are more cytoplasmic (Figure 14A).  Neither of the NLS mutants localized completely 

to the cytoplasm.  This suggests that both NLSs need to be mutated at the same 

time or there is another nuclear import signal.  Flag-KIF2A plasmids were expressed 

as above, but the cells were harvested for IF.  Flag signal was detected throughout 

the nucleus and the cytoplasm for the Flag-KIF2A wt construct.  The amount of Flag 

signal detected in the nucleus and cytoplasm was heterogeneous with some cells 

appearing to have mostly nuclear KIF2A and some cells appearing to have an equal 

distribution of signal between the nucleus and cytoplasm (Figure 14B).  I am 

considering two possible explanations for this observation. One, there is a difference 

in the amount of exogenous protein expressed in individual cells. Two, KIF2A 

localizes to different subcellular compartments depending on cell cycle stage versus 

interphase cells.  The latter is probably more significant because the same pattern is 

observed for endogenous KIF2A (data not shown).  Flag-KIF2A NLS(169-174) 

resulted in the most obvious cytoplasmic signal compared to Flag-KIF2A wt and 

NLS(444-448) (Figure 14B).   

The amount of protein expressed from the three Flag-KIF2A constructs in the 

population was about equal (Figure 14C).  Lysates collected for immunoblotting 

came from the same wells from which the coverslips in Figure 14B were harvested.   
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To determine if KIF2A is a more potent microtubule depolymerizer if localized to the 

cytoplasm, Flag-KIF2A constructs were transfected into HeLa cells as they were in 

Figure 14.  Tubulin staining assessed the density of the microtubule network.  Cells 

expressing either NLS mutant have a decreased microtubule network compared to 

Flag-KIF2A wt and control cells (Figure 15A-D).  This result is consistent with the 

idea that KIF2A in the cytoplasm does destabilize the microtubule network.   

 

4. Discussion 

M-kinesins depolymerize microtubule filaments.  Their activity as microtubule 

depolymerizers has been extensively studied during mitosis, but little is known about 

their functions during interphase.  Many cancer cells have increased levels of KIF2A.   

We have shown that HBEC3KTRL53 and HeLa cells two cancer cell line models 

have large cytoplasmic pools of KIF2A, and HBEC3KT “control non-transformed” 

cells have mainly nuclear KIF2A.  We have shown that driving KIF2A into the 

cytoplasm by mutating its binding site to importin α results in a greater loss of the 

microtubule network.  The cytoplasmic localization of KIF2A could be part of the 

mechanism for increased migration and invasiveness in cancer cells.  Future 

experiments need to be conducted to determine in what way the sub-cellular 

localization of KIF2A is regulated.              
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Figure 11.  The cell cycle profile of HBEC3KTRL53 cells following knock down 

for KIF2A or KIF2C is not different from the control. Cells were harvested for 

flow cytometry and immunblotting following 96 hrs knock down of KIF2A and KIF2C 

separately or together. (A.) Cells were stained with propidium iodide (PI) and DNA 

content was measured by flow cytometry with FACSCalibur (BD22Biosciences). 

Data were analyzed using FlowJo. (B.) Lysate proteins (20 µg) were resolved on 

gels and immunoblotted to detect the indicated proteins.  (C.) HBECK3KTRL53 cells 

were treated for 12 hrs with 200 nM taxol and processed as above for FACS 

analysis.  Thanks to Laura Diaz-Martinez for help with FACS.  
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Figure 12. The subcellular localization KIF2A is more cytoplasmic in cancer 

cells. (A.) HBEC3KT, HBEC3KTRL53, HeLa cells were fractionated to examine the 

subcellular distribution of KIF2A in normal and cancer model cell lines.  (B.) 

HBEC3KT, and HBEC3KTRL53 cells were harvested as in A. with two exceptions: 

one, the total number of cells harvested was the same and, two; a sample of the 

total lysate was included.  The lanes marked T constituted 7% of total lysate.  α-

tubulin served as the cytosolic marker and lamin A/C as the nucleoplasmic marker.  

T=total, C=cytosol, N=nucleoplasm 
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Figure 13. KIF2A has two predicted nuclear localization signals. (A.) An 

illustration of KIF2A with its predicted domains including the two predicted NLSs.  

(B.) The alignment of KIF2A’s amino acid sequence across species displays the high 

conservation in the NLSs. Red boxes enclose the two NLSs.  Highlighted in green 

are the conserved basic amino acid residues near the NLSs.  Blown up below the 

boxes are the NLS sequences.  Highlighted in red are residues mutated with 

introduced mutations below the endogenous sequence.   
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Figure 14.  Flag-KIF2A NLS mutants localize to the cytoplasm in HeLa cells.  

(A.) Flag-KIF2A constructs were expressed in HeLa cells and fractionated.  Equal 

volumes of buffers were used for all samples, but equal numbers of cells were not 

harvested.  Comparisons should only be made among T, N, and C for each 

construct.  M2 is a mouse flag antibody; α-tubulin serves as the cytosolic marker and 

lamin A/C as the nucleoplasmic marker.  T=total, C=cytosol, N=nucleoplasm  

(B.) Flag-KIF2A constructs were expressed in HeLa cells grown on glass coverslips 

for 16 hrs.  Cells were fixed and harvested for immunofluorescence.  Scale bar is 10 

µm.  (C.) Cells grown around the coverslips in B were harvested for immunoblotting. 

Lysate proteins (20 µg) were resolved on 10 % SDS-pa gels and probed for 

indicated proteins.  The amount of Flag-KIF2A expression from cells subjected to IF 

in B. 
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Figure 15. Over-expression of KIF2A proteins with NLS mutations causes 

depolymerization of microtubules to a greater extent than over-expression of 

wt KIF2A.  HeLa cells were transfected with different Flag-KIF2A constructs to 

assess the microtubule network.  Plasmids were expressed for 16 hrs and stained 

for tubulin and flag.  (A.) Control cells treated with lipofectamine reagent but with no 

over-expression.  The microtubule network is stained in green.  Control cells show 

dense microtubules.  (B.) Over-expression of wt Flag-KIF2a shows cells expressing 

exogenous KIF2A have fewer polymerized microtubules.  (C and D.) Images 

showing the expression of Flag-KIF2A constructs with mutations in the two NLSs.  It 

appears that the expression of either protein depolymerizes the microtubule network 

to a greater extent than expression of wt Flag-KIF2A.  
Red arrows indicate cells over-expressing Flag-KIF2A constructs.  Arrows lined in 

blue indicate cells not over-expressing Flag-KIF2A.   
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CHAPTER 4.  A NUCLEAR PORE PROTEIN REGULATES 
mTORC1 

 
1. The Nuclear Pore Complex 

The vertebrate NPC is a large multi-protein complex with an estimated mass of 125 

MDa. The NPC perforates the nuclear membrane at the site where the inner and 

outer nuclear membranes merge forming the sole channel for nucelo-cytoplasmic 

trafficking. The NPC is composed of approximately 30 proteins termed nucleoporins 

(Nups) that appear in several copies at a pore (Alber et al., 2007; Cronshaw et al., 

2002; Rout et al., 2000). Nups can be classified into three types of proteins: (1) 

transmembrane Nups, which consist of transmembrane proteins that anchor the 

NPC to the nuclear envelope, (2) scaffold Nups, which provide structure to the NPC, 

and (3) peripheral Nups, which are responsible for creating the permeability barrier 

of the pore (Schwartz, 2005). The NPC is a highly curved structure and the scaffold 

Nups are thought to provide stability to the highly curved membrane structure. The 

Nup107-160 complex belongs to the scaffold class of nucleoporins. The proteins in 

this complex are composed of two structural elements, domains, α-helices, β-

propellers or a combination of the two (Devos et al., 2006; Schwartz, 2005). Vesicle 

coats also share similar elements domains.  One protein that is found in both vesicle 

coats and the NPC is Sec13.   

 

1-1. Nucleoporin - Sec13 
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Sec13 was first identified as a member of the coat protein complex II (COPII) coated 

vesicle and later as a member of the NPC (Kaiser and Schekman, 1990; Salama et 

al., 1993; Siniossoglou et al., 2000; Siniossoglou et al., 1996).  In the COPII coat, 

Sec13 forms a heterodimer with Sec31 to form the outer coat, which is thought to 

participate in membrane curvature (Belden and Barlowe, 2001; Matsuoka et al., 

1998).  At the NPC Sec13 interacts with Nup96 and is part of the larger Nup107-160 

complex, which is thought to serve as the “coat” for the NPC and assist in the 

curvature of the nuclear membrane (Schwartz, 2005).  Sec13 homology like protein 

1 (Seh1L) was also identified as a member of the Nup107-160 complex.  Both 

proteins are WD-40 repeats containing six beta propellers (Figure 16).   

 

1-2. Nucleoporin - Seh1  

Although Seh1 was first identified as a member of the NPC, little is known about 

Seh1 outside of the NPC in mammalian cells (Siniossoglou et al., 2000). Nups 

labeled with Green fluorescent protein (GFP) were expressed and used the 

subcellular localization of different Nups.  Seh1 showed bright nuclear rim staining, 

and also a faint punctate signal in the cytoplasm (Bai et al., 2004) 

In yeast, a Seh1-containing complex that dynamically interacts at the vacuole was 

identified (Dokudovskaya et al., 2011).  The SEA (Seh1-associated) protein complex 

contains Sec13, four uncharacterized proteins (Sea1-Sea4) and upstream amino 

acid regulators of TORC1, Npr2 and Npr3. In yeast, this complex is involved in 

nitrogen sensing.  
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2. Mammalian Target of Rapamycin  

The mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase 

that belongs to the phosphoinositide 3-kinase (PI3K)-related kinase family.  mTOR 

forms two identified complexes, mTORC1 and mTORC2.  mTORC1 responds to 

numerous environmental stimuli serving as a master regulator of cell survival and 

growth.  The active mTORC1 pathway promotes protein synthesis, energy 

metabolism, and lipid synthesis.  Amino acid stimulation is one way to activate the 

mTORC1 pathway.  mTORC1 activity can be detected by the phosphorylation state 

of its substrate the p70 ribosomal protein S6 kinase (S6K1) at T398.  When 

mTORC1 activity is inhibited, the autophagy pathway is activated.     

 

3. Results     

Seh1 has been reported as a member of the NPC, but functions and localization 

outside of the NPC in interphase cells have not been elucidated.  To determine if 

Seh1 is localized outside of the NPC in mammalian cells, HeLa cells were subjected 

to nucleo-cytoplasmic fractionation.  Immunoblots of the fractions showed Seh1 was 

localized with the nucleoplasm, on the nuclear membrane as expected.  However, 

there was a substantial pool of Seh1 in the cytoplasm of HeLa cells (Figure 17A).  

To further analyze the subcellular localization of Seh1, immunofluorescence was 

conducted on HeLa cells overexpressing myc-Seh1 for 48 hrs.  Antibodies against 

endogenous Seh1 did not work for IF.  Using antibodies against myc-tagged Seh1 

localizes to both the nucleus and the cytoplasm (Figure 17B).  Nup358 was used to 
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outline the nuclear pore complex.  The myc staining makes it hard to see Seh1 

localized to the NPC.   

Next, I wanted to explore a role for Seh1 outside of the NPC.  The identification of 

the SEA protein complex in yeast suggested that Seh1 might regulate the mTORC1 

pathway in mammalian cells.  Seh1 was knocked down in HeLa cells with siRNA 

oligonucleotides for 48 hrs.  Cells were harvested in Laemmli sample buffer and 

proteins were resolved on SDS-pa gels.  S6K T389 phosphorylation was inhibited in 

siSeh1 cells compared to siControl cells.  Cells were starved for 5 hrs in Hanks 

balanced salt solution (HBSS) and pS6K T389 phosphorylation was inhibited in both 

siControl and siSeh1 cells as expected.  Cells were re-fed with complete medium 

and pS6K T389 remained repressed in Seh1 depleted cells (Figure 18A).  These 

data suggest that loss of Seh1 suppresses mTORC1 activity.  To investigate 

potential mTORC1 inhibition further, Seh1 was knocked down in HeLa cells stably 

expressing GFP-LC3.  Autophagy was activated in siSeh1 cells as indicated by the 

expression of GFP-LC3 punctate compared to siControl cells (Figure 18B), further 

supporting the conclusion that loss of Seh1 inhibits mTORC1 signaling.            

 

Vesticular stomatitis virus (VSV) is a single-standed RNA virus that encodes five 

proteins; nucleocapsid (N), polymerase proteins (L) and (P), surface glycoprotein (G) 

and peripheral matrix protein (M).  VSV replication is potentiated upon suppression 

of mTORC1 activity (Alain et al., 2010). Expression of VSV proteins can be detected 
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two hours post-infection at a multiplicity of infection (MOI) of 1 (Balachandran and 

Barber, 2004).  

 

To determine if loss of Seh1 influences VSV replication, HeLa cells were infected 

with shRNA against Seh1 and Sec13 for 48 hrs.  Cells were then infected with GFP-

VSV for 8 and 10 hours post-infection (hpi).  Cells were harvested in Laemmli 

sample buffer.  Cell lysates were resolved on a 15% SDS-pa gel.  The expression of 

VSV proteins was inhibited in both shSeh1 samples compared to their expression in 

shControl and shSec13 cells (Figure 19A).  Depletion of Sec13 caused no difference 

from the control short hairpin, further supporting the identification of an Seh1 

function separate from Sec13. Taken together these results indicate an Seh1 

function outside of the NPC.  HeLa cells were then depleted of either Seh1 or Sec13 

and infected with VSV for 24 hrs.  Medium with virus was collected from each to 

determine viral replication efficiency by plaque assay in BHK cells.  The replication 

of virus harvested from shSeh1-expressing cells was about a 1.5 log units less 

efficient than that of virus harvested from shSec13 or shControl cells (Figure 19B).   

 

4. Discussion  

When these results were generated (end of 2011 – 4/2012), there had been no 

report on a cytoplasmic pool of Seh1 in mammalian cells. It was also not known that 

Seh1 could suppress the mTORC1 pathway in mammals.  The identification of the 
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SEA protein complex in yeast (Dokudovskaya et al., 2011) and its suppression of 

TORC1 provided the first insight for a function of Seh1 outside of the NPC.    
Since the work conducted here, Seh1 has been shown to regulate the mTORC1 

complex.  Inhibition of Seh1 suppresses the mTORC1 complex in mammalian cells 

(Bar-Peled et al., 2013).  Seh1 is a member of the newly identified GATOR 2 

complex.  This complex contains most of the members identified in the yeast SEA 

protein complex including Sec13.  The GATOR complex contains two sub-

complexes GATOR 1 and GATOR 2.  GATOR 1 contains the mammalian homologs 

of Npr2 and Npr3 that were identified in the yeast SEA protein complex as regulators 

of TOR.  In mammals GATOR 1 is a negative regulator of mTORC1, while GATOR2 

is an upstream inhibitor of GATOR 1 (Bar-Peled et al., 2013).      

 

Future studies need to be conducted to determine if the inhibition of viral replication 

is connected to the suppression of the mTORC1 pathway.  Previous studies 

demonstrated that inhibition of mTORC1 activity increases VSV replication.  These 

processes might be independent.  

 

VSV virus does interact with host mRNA machinery and nuclear pore proteins. Thus, 

it is possible that inhibition of Seh1 leading to the suppression of VSV replication 

could be a function of the nuclear pore complex (Rajani et al., 2012; Waibler et al., 

2007). 
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A. 

   
Figure 16.  The structure of Seh1 co-crystalized with its binding partner at the 

NPC, Nup85.  Seh1 is β-propeller protein made of 6 WD-40 repeats and completed 

in trans by its binding partner Nup85.  (Image from Debler, E. et al. A Fence-like 

Coat for the Nuclear Pore Membrane. Molecular Cell. 2008. Received permission to 

copy.(Debler et al., 2008)) 
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Figure 17. Seh1 has a cytoplasmic pool in mammalian cells. (A.) Seh1 is in the 

cytoplasm as confirmed by Nucleo-cytoplasmic fractionation in HeLa cells.   α-tubulin 

was used as the cytoplasmic marker; Pom121 is a single pass nuclear 

transmembrane protein used as a marker for the nuclear membrane and nucleolin 

was used for the nucleoplasm marker.  (B.) Over-expression of myc-Seh1 in HeLa 

cells shows that Seh1 is localized in both the nucleus and cytoplasm.  Nup358 is a 

nucleoporin used as a marker here to outline the nucleus.   
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Figure 18. Inhibition of Seh1 suppresses mTORC1 activity.  (A.) Seh1 was 

knocked down for 48.  Cells were then starved for 5 hrs in HBSS and re-feed in 

complete DMEM with 10% FBS.  (B.) GFP-LC3 HeLa cells were knocked down for 

48 with siRNA against Seh1 for 48 hrs and then imaged for GFP expression.   

 
 
 
 
 
 
 



 

 79 

A. 

                                    

B.    

    



 

 80 

Figure 19.  Seh1 is required for efficient replication of vesicular stomatitis 

virus. (A.) Seh1 and Sec13 were knocked down in HeLa cells for 48 hrs and then 

infected with VSV at an MOI of 1.  Cells were harvested in Laemmli sample buffer at 

8 and 10 hpi.  Antibodies against VSV proteins were used to analyze the replication 

efficiency of VSV proteins under knockdown.   

(B.) Seh1 and Sec13 were knocked down in HeLa cells for 24 hrs and then infected 

with VSV at an MOI=1 for 24 hrs.  Media was collected from the cells 24 hpi.  The 

media contains VSV.  To determine the efficiency of viral replication in Seh1 and 

Sec13 knockdown cells plaque assays were performed in BHK cells.  
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CHAPTER 5. MATERIALS AND METHODS 

MATERIALS AND METHODS FOR CHAPTERS 2 AND 3 

1. Materials 

siRNA Oligos: KIF2A dsRNA - GAC CCT CCT TCA AGA GAT A (Thermo Scientific; 

catalog #J-004959-10). KIF2C dsRNA - GCA AGC AAC AGG TGC AAG T (Thermo 

Scientific; catalog #J-004955-08). 

Antibodies: KIF2A –  (Abcam, 37005), KIF2C – (Bethyl Laboratories, A300-

807A), vinculin – (Abcam 11194), Alexa-Fluor 633 Phalloidin – (Invitrogen A22284), 

Monoclonal Anti-Flag M2 mouse –  (Sigma-Aldrich F1804), Anti-Flag Rabbit – 

(Sigma-Aldrich F7425), FAK – (Fisher Scientific BDB611807), FAK pY397 – (Fisher 

Scientific BDB610086), Cofilin – (Cell Signaling Technology 3312), Phospho-Cofilin 

(Ser3)  – (Cell Signaling Technology 3311), Alexa Fluor 594 goat anti-rabbit – 

(Invitrogen A11307), Alexa Fluor 488 goat anti-mouse – (Invitrogen A11029), 

Dynamin- (Abcam, 3457) 

 Human KIF2A isoform 1 (Accession Number NP_004511) was used for all 

plasmids Plasmids: Flag-KIF2A, Flag-KIF2A siRNA resistant, Flag-KIF2A NLS 

mutants.  siRNA resistant Flag-KIF2A was generated by site-directed mutagenesis. 

The original siRNA sequence for KIF2A was – GAC CCT CCT TCA AGA GAT A.  

The primer used for site-directed mutagenesis was –  

5’ - GAATGATCCACCTTCAAGAGATAATAGAGTGG – the grey highlighted region 

is the siRNA oligo and the yellow highlighted residues are the two residues that were 

mutated.   The mutant NLS primers used were NLS(169-174) – 5’- 
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TCTAATTGTGTGAAAGAAGTAGAAAAACTGCAAGAAGCACGAGAGGCAAGG

AGATTGCAACAGCAA -  and NLS(444-448) – 5’ - 

CAGATTATTCTTAGAAGGGAAGGAGAACTACATGGCAAATTTTCTCTC – 

yellow highlighted residues indicate residues that were mutated.  

 

2. Methods 

Tissue culture and transfections  

Immortalized Human bronchial epithelial cells (HBEC) 3KT cells were cultured in 

Keratinocyte serum free medium (KSFM) supplemented with 5ng/mL epidermal 

growth factor and 50µg/mL bovine pituitary extract according to manufacture’s 

recommendations (Invitrogen). HBEC3KTRL53 cells were cultured in RPMI-1640 

medium supplemented with 5% heat inactivated fetal bovine serum (FBS) (vol/vol) 

and 2mM L-glutamine.  HeLa cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% heat inactivated FBS (vol/vol) and 2mM L-

glutamine.  All cells were grown at 37°C at 5% CO2.   

KIF2A and KIF2C were knocked down for 48 hrs and the knockdown was 

repeated for another 48 hrs. Knock downs for all experiments were reverse 

transfected.  Cells were plated at the same time knock downs were performed and 

48 hrs later cells were trypsinized and re-plated consecutively with siRNA, except 

the second knock downs for Focal Adhesion Disassembly and Assembly 

experiments and Cell Spreading.  The second round of knock downs for the above 

to experiments cells were forward transfected.  Cells were knocked down after being 
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plated.  Lipofectamine RNAiMAX Reagent was used at manufactures specifications 

for all siRNA knockdown experiments (Invitrogen).  Flag-KIF2A, and Flag-KIF2C 

were transfected for approximately 20 hrs with Lipofectamine LTX with Plus Reagent 

used at manufactures specifications for all plasmid transfection experiments 

(Invitrogen). 

 

Cell cycle analysis  

KIF2A and KIF2C were knocked down in HBECK3KTRL53 for 96 hr.  Cells were then 

harvested for flow cytometry. Samples were trypsinized and pelleted by 

centrifugation at 1,000xg. Cell pellets were re-suspended and washed with 1X 

phosphate buffered saline (PBS) and fixed in 70% cold EtOH at -20° C overnight. 

Cells were pelleted (as before) and washed in 1X PBS.  Propidium iodine/RNase A 1 

solution was used to stain cells DNA.  DNA content was measured by flow cytometry 

with FACSCalibur (BD Biosciences), and data were analyzed using FlowJo.  

HBECRL53 cells were treated for 12 hrs with 200nM taxol and processed as above 

for FACS analysis.   

Samples for immunoblot were treated the same as above.  Cells were harvested 96 

hrs post knockdown.  Cells were washed with 1X PBS and harvested in 2X Laemmli 

sample buffer. Samples were boiled for 2 min at 95° C, sonicated, and boiled again 

for 2 min at 95°C. Protein concentration was measured with BCA Protein Assay 

(Thermo Scientific Prod # 23235) and 20 µg of total cell lysate were resolved on 

10% SDS-page gels.  Immunoblots were probed for KIF2A, KIF2C, and tubulin.   
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Nucleo-cytoplasmic fractionation  

HBEC3KT and HBEC3KTRL53 cells grown in 10cm dishes were harvested for 

fractionation.  Cells were counted and equal cell numbers were used for both cell 

types.  Media was aspirated and cells were washed in 5mL of cold phosphate-

buffered saline (PBS).  PBS was aspirated and 1mL of cold PBS was added to 

plates and cells were lifted with a cell lifter.  Cells were pelleted at 1000xg, at 4°C for 

5 min.  PBS was aspirated from the pellet and the cell pellet was lysed in 200µl of 

lysis buffer and vortexed on low to re-suspend cells and incubated on ice for 5 min. 

(Lysis Buffer 20mM Hepes pH 7.4, 10mM NaCl, 1.5mM MgCl2, 20% glycerol, 0.1% 

Triton x-100, 1mM DTT, 1x protease inhibitor and 1mM PMSF). The total fraction 

was taken from this step.  Cells were spun at 1000xg at 4°C for 10 min.  The 

cytosolic fraction was taken from here.  The remaining lysate was aspirated and the 

nuclear pellet was washed with 200µl of lysis buffer the pellet was re-suspended and 

spun at 1000xg at 4°C for 5 min. Supernatant was aspirated and 175µl of lysis buffer 

was added to the nuclear pellet.  The pellet was re-suspended and by gently 

vortexing and 25µl of 5M NaCl was added.  Nuclei were rotated at 4°C for 1hr and 

vortexed at maximum speed three times for 5 sec.  Lysed nuclei were spun at 

16,100xg at 4°C for 10 min. The soluble nucleoplasm fraction was collected and the 

membrane and chromatin were pelleted.  The cytosolic and nucleoplasmic fractions 

were re-suspended and collected in equal volumes.  5x laemmli buffer was added to 

all three fractions and all were boiled for 10°C at 95°C.  Samples were resolved on 
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10% SDS-Page gels with equal volumes loaded for cytosolic and nucleoplasm 

fractions and the total fraction represents 4% of the total volume.   

 

Immunofluorescence  

Following 96hr of knockdown cells were harvested for immunoblot and IF.  

Coverslips were removed from wells and the remaining cells were washed with 1X 

PBS and harvested for Immunoblots.  

Coverslips were washed with 1X PBS warmed to 37°C and fixed with 4% 

paraformaldehyde (PFA) in 1x PHEM (1x PHEM – 60mM PIPES, 25mM Hepes pH 

6.9, 10mM EGTA and 2mM MgCl2) warmed to 37°C for 10 min at room temperature 

(RT).  Coverslips were washed 2x with 1X PBS and permeabilized with 0.1% Trition 

X-100 in 1X PBS for 5 min on ice.  Coverslips were washed 3x with 1X PBS and 

blocked in 10% Normal Goat Serum (Invitrogen) for 30 min at RT.  Coverslips were 

incubated with primary antibodies over night (O/N) at 4°C. Coverslips were washed 

2x with 1X PBS and incubated with secondary antibodies for 1 hr at RT. Coverslips 

were washed 3x with 1X PBS and mounted on slides.   

Fluorescent Z-stacks (0.2 mm) were acquired and deconvolved using the Deltavision 

RT deconvolution microscope. 

Quantification of Focal Adhesions was done using ImageJ 3D counter.  The 

numbers of objects per field were divided by cells per field.   

 

Immunoblot 
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Cells were washed with 1X PBS and harvested in 2X Laemmli sample buffer. 

Samples were boiled for 2 min at 95° C, sonicated, and boiled again for 2 min at 

95°C. Protein concentration was measured with BCA Protein Assay (Thermo 

Scientific Prod # 23235) and 20 µg of total cell lysate were resolved on 10% SDS-

page gels.   

 

Focal adhesion disassembly and reassembly assay 

KIF2A and KIF2C were knocked down in HeLa cells by reverse transfection and 

grown to approximately 90% confluency 48 hrs post knockdown.  Cells were 

knocked down for a second time (forward transfection) and 4 hrs later medium was 

changed to Serum Free Medium (SFM)-DMEM.  Cells were starved for 48 hrs and 

then treated with 10uM nocodazole for 3 hrs.  Cells were harvested at designated 

time points for IF and IB using the previously mentioned protocol.  Cells were 

imaged with deltavision.  Stained with vinculin and phalloidin-594.    

 

Cell Spreading Assay     

The cell spreading assay was performed as described by Jiang-Cheng et al. (Shen 

et al., 2007).    

Briefly, KIF2A and KIF2C or both KIF2A/KIF2C were knocked down in HeLa cells for 

48 hrs (reverse transfection).  The knockdown was repeated after 48 hrs (forward 

transfection).  Approximately 80 hrs after knockdown cells were trypsinized and 

plated on coverslips in SFM-DMEM overnight.  Starved cells were treated with 5% 
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DMEM for 1 hr and harvested for IF and IB (standard protocol mentioned above). 

Ten fields for each condition were selected at random for imaging. The average 

surface area was calculated using image j. The diameter of the cell was traced 

(Figure 20) and then the surface area was measured.   

                         

Figure 20. An example of how cell surface area was measured in the cell-

spreading assays. 

 

 

Calculated values were collected and the total population for each condition was 

divided to generate the average surface area.  Independent student’s t-test were 

calculated comparing control to the different knockdown conditions for statistical 

significance.    
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Over-Expression Rescue Experiment Focal Adhesions 

KIF2A was knocked down as previously described.  At 76 hrs post knockdown Flag-

KIF2A constructs were expressed in HeLa cells.  WT Flag-KIF2A and WT Flag-

KIF2A siRNA resistant constructs were transfected and expressed for approximately 

20 hrs.  Cells were harvested for IF and IB as described previously.   

 

Materials and Methods for Chapter 4 

3. Materials  

siRNA oligos (siGENOME SMARTpool) designed for silencing human SEH1L were 

purchased from Dharmacon (Thermo Fisher Scientific). Non-targeting siRNA oligos 

(ON-TARGET plus) siRNA#1 and #2 were also purchased from Dharmacon 

(Thermo Fisher Scientific). The siRNAs were transfected with RNAiMAX (Invitrogen) 

according to manufacture’s recommendation.   

shRNA GIPZ lentivirus was purchased from Open Biosystems (Thermo Scientific).  

Lentiviral construsts were grown as follows: 293FT cells were transfected with 

psPAX2 (packaging), pMD2.G-VSVG (envelope) and pGIPZ (shRNA) using Fugene 

HD (Promega) at manufacture’s recommendation.  The following day half of the 

media was removed and replaced with fresh media.  Two days following transfection 

supernatant of transfected cells was collected.  Supernatant was filtered through 

0.45µM filter.  Targeting cells (HeLa) were treated with 8µg/ml polybrene and 

infected with lentivirus for 48 hrs and GFP signal was used to determine infection 

efficiency.    
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GFP-VSV virus was grown and tittered in Glen N. Barber Lab at the University of 

Miami.  The Baber Lab also provided antibodies against VSV.  

pcDNA-plasmid for Seh1.     

 

4. Methods 

Nucleo-cytoplasmic fractionation 

HeLa cells were harvested in Buffer A (10mM Hepes (pH 7.9), 10mM KCl, 1.5mM 

MgCl2, 0.34M sucrose, 10% glycerol, 1mM DTT, 0.5% Triton X-100, and protease 

inhibitor cocktail (Roche)) and incubated on ice for 5 min.  The cytoplasm and nuclei 

were collected by low speed centrifugation. Cells were spun at 1,300xg for 5 min at 

4°C. The cytoplasmic pool was clarified by centrifugation 20,000xg for 15 min at 4°C 

(rotor SW55TI).  Nuclei were washed in Buffer A (without triton X-100) and 

centrifuged at 1,300xg for 5 min at 4°C.  Nuclei were resuspended in Buffer B 

(10mM Hepes (pH 7.9), 3mM EDTA, 0.2mM EGTA, 1mM DTT, protease inhibitor 

cocktail (Roche)) and incubated on ice for 30 min. Soluble nuclear fraction was 

collected by centrifugation at 1,700xg for 5 min at 4°C.  Protein quantification was 

done by Bradford assay and 35µg of protein for each fraction was boiled and loaded 

onto a 10% SDS-page gel.   

 

Immunofluorescence    

HeLa cells were transfected with myc-Seh1 using Lipofectamine 2000 

(manufactures protocol) and 48 hrs post-transfection cells were harvested for IF.  



 

 90 

Briefly, cells were washed 2x in 1X PBS and fixed in 3.75% paraformaldehyde at 

room temperature for 15 min.  Cells were washed 3x with 1X PBS and 

permeabilized with 0.2% triton X-100 in 1X PBS for 5 min on ice.  Cells were washed 

3x with 1X PBS and blocked in 1% normal goat serum for 30 min at room 

temperature.  Coverslips were incubated with primary antibodies for 1 hr at 37°C, 

washed with 1X PBS and incubated in Alexa-fluor secondary antibodies and 

Hoechst dye for 1 hr at 37°C.  Cells were washed 3x in 1X PBS and mounted on 

slides.  

Seh1 knockdown and Starvation 

Seh1 was knocked down in HeLa cells for 48 hrs.  Cells were placed in Hanks 

Balanced Salt Solution (GIBCO) for 5 hrs and then replenished with fresh media for 

1 hr.  Cells were harvested Cells were washed with 1X PBS and harvested in 2X 

Laemmli sample buffer. Samples were boiled for 2 min at 95° C, sonicated, and 

boiled again for 2 min at 95°C. Protein concentration was measured with BCA 

Protein Assay and 20µg of total cell lysate were resolved on 10% SDS-page gels.   

 

GFP-LC3 

HeLa GFP-LC3 cells (Levine Lab) were grown in DMEM-10% FBS and 50 µg/ml of 

G418.  Cells were knocked down for 48 hrs with siRNA against Seh1.  GFP signal 

was analyzed by Apotome microscopy in a Zeiss Axiovert 200M.   

 

VSV Infection  
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VSV-protein replication experiment: 

HeLa cells were infected at an MOI of 1 for 8 or 10 hrs.  HeLa cells were knocked 

down for Seh1 or Sec13 and extra wells were knocked down to calculate M.O.I.  

MOI is calculated by counting the number of cells per well and dividing by the viral 

titer.  HeLa cells were infected at an MOI of 1 by adding 1.5 ml of virus in serum 

free-DMEM and placing cells at 37°C in 5% CO2.  Cells were rocked every 10-15 

min to enhance viral attachment.    After 1 hr of infection 8.5 mL of complete DMEM 

was added to the cells.  Cells were harvested at 8 and 10 hpi.   

VSV- Infection for replication experiment- 

Seh1 and Sec13 were knocked down for 24 hrs.  Cells were then infected as 

described above at an MOI of 0.001 for 24 hrs.  Media was harvested at 24 hpi and 

flash frozen in liquid nitrogen and stored at -80°C until the plaque assay was 

performed.   

 

 Plaque Assay  

BHK cells were plated in 24 well dishes, 200,000 cells/well to have a confluent 

monolayer the following day.  Serial dilutions of the viral stock harvested from HeLa 

cells knocked down with shSec13 or shSeh1 were made in serum free-DMEM.  BHK 

cells were washed 1X with PBS and viral dilutions were added.  Virus was incubated 

at 37°C at 5% CO2, for one hour.  The plate was rocked every 10-15 min.  While 

cells were incubating with virus, 4% low melting point (LMP) agarose in 1X PBS was 

heated in a 42°C water bath.  Following the 1 hr incubation period media containing 
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the virus is removed from BHK cells and 1% LMP agarose in complete DMEM was 

overlayed onto cells.  Plates were placed on an even surface for 10 min at room 

temperature to allow the agarose to solidify.  Plates were placed back in the 

incubator and GFP-plaques were counted after 24 hrs.       
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CHAPTER 6. 
CONCLUSIONS AND FUTURE DIRECTIONS  

 
 
 

1. Conclusions 

The coordination of the microtubule and actin cytoskeleton is required for cell 

migration.  Focal adhesions are sites that connect the cell to the extracellular matrix, 

anchor actin stress fibers and capture microtubules.  Cell migration is described as a 

cyclical process divided into phases of protrusion and contraction (Mitchison and 

Cramer, 1996).  Briefly, lamellipodia anchored by focal adhesions to the ECM 

protrudes at the front of the cell.  Adhesion sites create traction required to pull the 

cell forward.  Translocation occurs by contraction generated from actin stress fibers 

attached to focal adhesions, and retraction of the tail.  Focal adhesions are 

disassembled at the cells rear.  The disassembly of focal adhesions requires the 

capturing of dynamic microtubules (Kaverina et al., 1999; Kaverina et al., 2002; 

Kaverina et al., 1998; Kaverina et al., 1997; Rooney et al., 2010).   

Microtubules serve as “cellular highways” where molecules are trafficked across the 

cell. The kinesin superfamily of molecular motors carries cargo along the 

microtubules.  Several N-kinesins have been implicated in focal adhesion dynamics 

(Ahmed et al., 2012; Krylyshkina et al., 2002).   

 

Here we show for the first time that the inhibition of an M-kinesin regulates focal 

adhesion turnover and increases in actin stress fibers.  We have shown that a 
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population of KIF2A localizes to the cells leading edge.  Loss of KIF2A results in an 

increased number of focal adhesions per cell.  The location of the focal adhesions is 

also changed.  Similar to control cells focal adhesions are located at the leading 

edges but more adhesion sites are localized to the cell interior (Figure 7A). The 

increase in focal adhesions also results in a significant increase in actin stress fibers. 

KIF2C is also an M-kinesin, but unlike KIF2A, loss of KIF2C does not lead to an 

increase in focal adhesions, but it does slightly increase actin stress fibers around 

the cell cortex (Figure 7A).  The two kinesin-13 family members KIF2A and KIF2C 

both regulate the cytoskeleton but have different interphase functions.  The 

increased number of focal adhesions in KIF2A knockdown cells requires 

microtubules.  Nocodazole treatment depolymerizes the microtubule network and 

the dynamics of focal adhesion disassembly for KIF2A knockdown cells are similar 

to control cells following nocodazole treatment.  This suggests that loss of KIF2A 

influences the microtubules that contact adhesion sites.  The function of KIF2A in 

focal adhesion turnover needs to be explored further, but it is most likely different 

from how N-kinesins are thought to regulate focal adhesion disassembly.  Models 

suggest that N-kinesins carry cargo required for focal adhesion turnover or they 

sequester regulators of focal adhesions to microtubules ((Ahmed et al., 2012; 

Krylyshkina et al., 2002). M-kinesins interact with microtubules differently than N-

kinesins.  They do not actively bind to the straight filaments and they do not 

transport cargo.   
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Loss of KIF2A also reduces cell spreading by about half as much compared to 

control and siKIF2C cells (Figure 10).  Cell attachment is also affected.   

 Cell attachment and early cell spreading are considered “passive events”.  First the 

cell senses the substrate and the cortical actin network and a rigid membrane help 

the cell attach and begin the earliest phases of cell spreading.  These activities 

transition to the next phase of cell spreading in which integrin receptors are activated 

leading to the activation of Rac1 and Cdc42 and the inhibition of RhoA followed by 

the stabilization of the F-actin network.  Finally, RhoA is activated and Rac1 and 

Cdc42 are inhibited and stress fibers form creating a mature matrix network (Figure 

21).  Microtubule polymerization activates RhoA and inhibits Rac1 and Cdc42 

activity.  The inhibition of cell spreading by depletion of KIF2A may be a result of the 

microtubule network not activating the GTPases required to reorganize the actin 

cytoskeleton.  Experiments need to be conducted to monitor the GTPase activities 

during cell spreading to test this hypothesis.     

 

In HBEC3KT cells M-kinesins are mainly nuclear.  In HBEC3KTRL53 and HeLa cells 

their expression is increased and the subcellular localization changes resulting in a 

large cytosolic population.  Initial experiments suggest that cytosolic KIF2A results in 

increased depolymerization of the microtubule cytoskeleton (Figure 15).  Whether or 

not this influences the actin cytoskeleton and migration still need to be explored.   
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These data suggest that KIF2A and KIF2C have different functions on regulating the 

actin cytoskeleton.  One explanation is the two kinseins may localize to different 

populations of microtubules influencing different signaling cascades involved in the 

rearrangement of the actin cytoskeleton.  This idea is depicted in figure 22.  KIF2C 

localizes to microtubules involved in focal adhesion formation, where KIF2A 

influences the stability of focal adhesions through its potential regulation of RhoA.  

Experiments investigating kinesins involvement in Rho GTPase activity will be 

explored in the future directions section.  
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Figure 21. A summary of the different phases of cell spreading depicted by 

cartoon and diagram.  Activate and inactive Rho GTPases for each phase are 

indicated in green and red boxes, respectively.  Orange boxes depict the cellular 

events required for the initiation of the following phase by reaching the threshold 

indicated by teal boxes. Top panel illustrates the activities of actin regulators and the 

phenotypes of the actin cytoskeleton during cell spreading.  The early stages are 

passive and the GTPases are not activated.  The following stages result in the 

activation of integrin receptors and GTPases, which reorganizes the actin 

cytoskeleton leading to the late stages of cell spreading.  The middle panel are 

mouse embryonic fibroblasts imaged over time by total internal reflection 

fluorescence (TIRF) microscopy.  The bottom panel is a carton illustrating the initial 
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cell attachment.  Cells are spherical and the cortical actin network creates a rigid 

membrane attaching the cell to the substrate.  The cell begins to flatten as the 

cortical actin network polymerizes into F-actin and Rac1 and Cdc42 are activated.  

Finally focal adhesions are mature anchoring stress fibers.   (Image from Carey et al.  

Forces During Cell Adhesion and Spreading: Implications for Cellular Homeostasis.  

Stud Mechanobiol Tissue Eng Biomater 2011. Received permission to copy.)  
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Figure 22. A model depicting a potential mechanism for how KIF2A and KIF2C 

differently regulate the actin cytoskeleton.  KIF2A localizes to a population of 

microtubules that influence focal adhesion stability by regulating RhoA activity, while 

KIF2C regulates Rac1 and focal adhesion formation.  
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2. Future Directions 

The roles of M-kinesins during interphase are just beginning to be reported. KIF2C 

and KIF2A are both upregulated in many cancers and their functions have been 

shown to contribute to cancer phenotypes such as migration and invasion.  Here we 

have shown that M-kinesins not only regulate the cytoskeleton through microtubule 

depolymerization, but they also influence the actin cytoskeleton.    

Focal adhesions are dynamic multiprotein complexes providing structural 

components and serving as signaling hubs for integrin outside-in signaling.  The 

MEK-ERK1/2 pathway is localized and activated at focal adhesions (Fincham et al., 

2000; Ishibe et al., 2003).  MEK-ERK1/2 pathway activation is required for focal 

adhesion disassembly (Colo et al., 2012; Ishibe et al., 2004).  Focal adhesion 

disassembly following MEK activation leads to lamellipodia extension and migration 

(Ishibe et al., 2004).   

The MEK/ERK1/2 pathway is also required for cell spreading and the inhibition of 

Rho kinases (Pullikuth et al., 2005).  ERK1/2 also associate with microtubules. The 

requirement for ERK1/2 on focal adhesions and cell spreading and the fact that 

these protein kinases bind microtubules suggest that ERK and KIF2A are in close 

proximity.   

Our lab has found that KIF2A is an ERK2 binding partner.  Using purified proteins 

expressed in bacteria, our lab showed that KIF2A and ERK2 interact in vitro, and the 

interaction is enhanced when ERK2 is activated by phosphorylation (Figure 23 A).  

KIF2A and ERK1/2 were shown to co-localize in HBEC3KTRL53 cells at the cell 
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edge (Figure 23 B).  Future experiments need to be performed to show if the 

interaction between ERK2 and KIF2A contributes to the phenotypes we observe on 

the actin cytoskeleton.   

 

To determine if this interaction is required for the disassembly of focal adhesions 

KIF2A will be knocked down and si-resistant KIF2A constructs will be expressed.  

Initial experiments show that KIF2A re-expression can rescue the focal adhesion 

phenotypes  (Figure 24).  We are currently trying to determine the critical residues 

required for ERK2 and KIF2A interaction. Then KIF2A mutants that are defective in 

ERK2 binding will be expressed to determine if this interaction is important for focal 

adhesion turnover.  

 

Mutations manipulating the subcellular localization of KIF2A can also be used to 

determine how KIF2A location influences focal adhesions.  KIF2A NLS mutants 

need to be analyzed to determine if only cytoplasmic KIF2A influences the actin 

cytoskeleton.  Also mutations in KIF2A nuclear export signals (NES) can be made to 

shift KIF2A into the nucleus.  Cell attachment, spreading, and migration can then be 

analyzed. These experiments will be harder to perform because identifying potential 

NESs is usually more difficult than identifying consensus NLSs.    

 

Many experiments looking at cell signaling need to be performed to understand how 

loss of KIF2A influences the signaling proteins associated with focal adhesions and 
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cell spreading.  Pull-down experiments for Rac1/2 and RhoA need to be performed 

following KIF2A depletion under a variety of conditions, including during starvation, 

using assays to assess cell spreading, and in the presence of nocodazole.  

Experiments such as these should allow us to elucidate the mechanisms employed 

by KIF2A to inhibit the actin cytoskeleton.  The potential requirement for the MEK-

ERK1/2 pathway under each of these conditions will also be evaluated 

simultaneously.   

 

Following nocodazole washout, expression of actin regulators is influenced in KIF2A 

knockdown cells.  Total cofilin protein is decreased after 1 and 2 h compared to 

control cells.  Cofilin is required for the disassembly of actin stress fibers, and loss of 

KIF2A results in more stress fibers.  How KIF2A influences cofilin expression needs 

to be explored, and cofilin expression and turnover need to be evaluated in cell 

spreading assays.      
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B. 
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Figure 23.  The M-kinesin KIF2A is novel ERK2 binding partner.  (A.) His6-ERK2 

on nickel NTA beads was mixed with purified Flag-KIF2A precipitated from 

mammalian cells and eluted with Flag peptide.  After incubation, beads were washed 

and bound Flag-KIF2A was measured by blotting) (work done by S. Earnest) (B.) 

Immunostaining of endogenous KIF2A (red) and pERK1/2 (green) in HBEC3KTRL53 

cells (Images by Elma Zaganjor).   
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A.  
               
   

 
 

FIGURE 24. Re-expression of wt Flag-KIF2A rescues the increased focal 

adhesion phenotype observed following depletion of KIF2A.  (A.) HeLa cells 

were transfected with siKIF2A for 80 hrs, and then transfected with wild type flag-

KIF2A that is siRNA resistant.  Cells were harvested after 16 hrs.  Vinculin and 

phalloidin were used to analyze focal adhesions and actin stress fibers. 
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