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Summary 

 

 

 

Cytokinesis is the last step in cell cycle, where a single mother cell divides to 

give to rise to two daughter cells. Proper spatiotemporal regulation of 

cytokinesis is crucial for the faithful segregation of the genetic material into 

the daughter cells. Proper understanding of this process enables us to detect 

and identify reasons behind many of the diseases as well as in designing 

effective control measures for these diseases. Recent studies in various model 

organisms including yeast, C. elegans, and mammalian cells unravelled many 

mysteries pertaining to the mechanism of cytokinesis. This led to the current 

understanding of the process of cytokinesis, which is divided into four 

different stages: 1) positioning of the cleavage furrow between the separated 

chromosomes, 2) assembly of the actomyosin-based contractile ring, which is 

one of major components of the cleavage furrow, 3) constriction of the 

contractile ring by the force generated by myosin II motors, and 4) division of 

the cell into two daughter cells.  

 

Extensive research in the last few decades had led to the improved 

understanding of the process of cytokinesis at the molecular level and of the 

different pathways involved during cytokinesis. However, many open 

questions remain unanswered. Active research in the last few years had 

focused mainly on the biophysical aspects of the cell and its role in 

cytokinesis, and this led to a paradigm shift in cytokinesis with respect to the 

flow of events. The previously held idea that cytokinesis occurs in a 

straightforward biochemical pathway leading to cell division has been 
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rethought and current understanding considers mechanical feedback loop 

mechanism along with biochemical pathway to be cruicial for proper cell 

division. This change in perspective was ushered in by active studies on cell 

mechanics, stress generation and sensing by myosin II-based contractility, and 

control of regulatory proteins.  

  

One of the main focuses in understanding the mechanical feedback loops 

regulating cytokinesis is the meshwork of the actin cortex. Actin had been 

extensively studied for its role during cytokinesis in the formation of the 

actomyosin and in other cellular process. The understanding of its function as 

a cell cortex component during cytokinesis gained attention only recently. 

Actin cytoskeleton is believed to be involved in a diverse range of processes 

mainly because of its ability to bind, interact and respond to a large pool of 

actin-binding proteins.    

 

In my thesis project, using a combination of techniques including molecular 

manipulation and microscope-based techniques, I have uncovered a novel forl 

of actin crosslinking protein α-actinin during cytokinesis in mammalian cells 

was explored.  

 

Successful cytokinesis requires proper positioning of cleavage furrow. 

Previous studies suggested that stable microtubules induce cortical ingression, 

whereas dynamic microtubules inhibit cortical ingression. However, the 

spatiotemporal regulation of microtubule dynamics is not clearly understood. 

This study experimentally established that α-actinin is important for the 
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regulation of mitotic spindle organization. This was demonstrated by the 

observation that α-actinin regulates microtubule dynamics by affecting the 

microtubule-actin cortex interaction in a myosin II-dependent manner. 

Alteration of the localization of microtubule-based cytokinetic regulators was 

further demonstrated to be affected by α-actinin. In conclusion, my study 

demonstrates that α-actinin is required to maintain the dynamic status of astral 

microtubules by preventing the recruitment of centralspindlin, but not CPC or 

PRC1, to astral microtubules. 
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1 Introduction 

 

1.1 Cell cycle and Cell division:   

 

1.1.1 Cell cycle progression 

 

Growth and reproduction are an absolute necessity for all living organisms. 

Cells, the basic entity of all living forms, undergo a process known as cell 

cycle in order to grow and reproduce. The cell cycle follows a series of phases 

consisting of: G1 (Gap), S (Synthesis), G2 (Gap) and M (Mitosis) (Figure 1).  

The first three phases are collectively known as Interphase and contributes to 

~90% of the duration of cell cycle in most cells.  Progression of the cell cycle 

is under the control of the oscillating expression levels of Cdks and their 

substrates cyclins (Figure 1, Wheatley et al., 1997; Shuster and Burgess, 

1999). 

 

The M phase consisting of mitosis and cytokinesis is the last stage of the cell 

cycle where a single mother cell is faithfully divided into two daughter cells. 

Mitosis can be divided into five different stages: prophase, prometaphase, 

metaphase, anaphase and telophase.  Prophase is characterized by chromatin 

condensation and centrosomal migration to opposite poles.  Prometaphase is 

marked by nuclear envelope breakdown.  Microtubules emanated from 

centrosomes start attaching to chromosomes and pushing them towards the 

centre of the cell. At metaphase, chromosomes are aligned at the metaphase 

plate.  During anaphase, the duplicated chromosomes are separated towards 
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the opposite centrosomes. In telophase, the chromosomes are decondensed and 

the nuclear envelope begins to reform around the decondensed chromosomes 

while cytokinesis occurs and two daughter cells are produced.  The entire 

events of the cell cycle repeat in both daughter cells (Alberts et al. The 

Molecular Miology of the Cell, the 4th Edition).
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Figure 1: Schematic of overview of cell cycle stages in eukaryotic 

cells. 

 

G1, S and G2 are collectively referred to as Interphase, which is followed by 

M phase. M phase consists of mitosis and cytokinesis.  Progression through 

different cell cycle stages is regulated by different Cdks and cyclins.  
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1.1.2 Cytokinesis 

 

Cytokinesis is the final step of cell division, where a single mother cell is 

physically separated into two daughter cells.  In fission yeast and animal cells, 

cytokinesis can be subdivided into four sequential steps: 1) determination of 

the position of the cleavage furrow,  2) assembly of the contractile ring,  3) 

constriction of the contractile ring, and 4) abscission.  As seen in the following 

chapters which describes cytokinesis in fission yeast (S.Pombe) and animal 

cells respectively, we will be able to appreciate how a common event can be 

executed by different mechanisms. 

 

1.1.2.1 Cytokinesis in Fission yeast 

 

1.1.2.1.1 Determination of the position of the division site 

 

In fission yeast S. pombe, the division site selection process is dependent on 

several important factors including cellular morphology, the position of the 

nucleus and proteins involved in the ring assembly (Paoletti and Chang, 2000; 

Sipiczki et al., 2000; Tolic-Nørrelykke et al., 2005).  The division site is 

determined during late G2 phase.  The nucleus-localized protein Mid1p 

relocates to a region underlying the plasma membrane into a cortical band 

(Sohrmann et al., 1996; Bähler et al., 1998).  It has been shown that Mid1p 

localization is regulated by Polo-like kinase 1, which is a conserved family of 

ser/thr mitotic kinase and is involved in centrosome maturation and the mitotic 
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spindle formation. It also plays a role during late stage of mitosis and cell 

division (Glover et al., 1996).  Polo-like kinase 1 directly interacts with type II 

myosin myo2p and promotes the equatorial localization of other cytokinetic 

ring components including Myo2p, Rng2p, Cdc4p and F-actin (Bähler et al., 

1998; Wu et al., 2003; Motegi et al., 2004). 

 

1.1.2.1.2 Contractile ring formation 

 

Upon entry into mitosis, Mid1p localizes to around 60-80 nodes in the 

equatorial cortex and recruits other components of the contractile ring to the 

cortical nodes  (Wu et al., 2006).  These components include profilin Cdc3p, 

tropomyosin Cdc8p, formin Cdc12p, myosin assembly factor Rng3p and type 

two myosin heavy chain Myo2p. The formin protein Cdc12p further interacts 

and recruits the Arp2/3 complex, type 1 myosin, Myo1p and WASP-related 

protein Wsp1p to the division site. Recruitment of these proteins induce 

polymerization of actin either from 60-80 nodes on the cortex or from a large 

cluster of formins at 1-2 nodes on the medial site (Mishra and Oliferenko, 

2008)  and ultimately leads to the formation of the actomyosin ring at the 

division site. 

 

Rng2p, a calponin homology domain protein localized to the nodes in a Mid1p 

depended manner, serves as a critical link between the Mid1p and other 

cortical node components with the actomyosin ring (Laporte et al., 2011; 
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Padmanabhan et al., 2011).  F-actin, through its interaction with myosin II, 

condenses by interacting with neighbouring nodes to give rise to a ring-like 

structure by a process known as search-capture mechanism (Wu et al., 2006; 

Mishra and Oliferenko, 2008; Vavylonis et al., 2008). 

 

1.1.2.1.3 Ring constriction and abscission  

 

In S. pombe, ring contraction is immediately followed by membrane addition 

for septum formation.  Proteins involved in exocytosis including SNARE 

components and Rab proteins are directed towards the division site. Enzymes 

involved in cell wall synthesis have also been observed in the division septa 

and were shown to be essential for formation of primary and secondary septa 

(Cheng et al., 2002; Liu et al., 2002).  Drug treatment and mutant analysis of 

vesicular transport protein suggested that the septum deposition is directly 

involved in the constriction of the actomyosin ring (Le Goff et al., 1999; Liu 

et al., 1999; Liu et al., 2000).  After the contraction of the actomyosin ring and 

deposition of the septa, the cell finally is physically separated into two 

daughter cells. 

 

1.1.2.2 Cytokinesis in animal cell 

 

1.1.2.2.1 Determination of the position of the cleavage furrow 
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In contrast to fission yeast, the position of the cleavage furrow is determined 

after anaphase onset in animal cells.   

In animal cells, microtubules are responsible for the determination of the 

position of the cleavage furrow.  Pioneering experiments conducted on sand 

dollar eggs suggested that astral microtubules are responsible for 

determination of the position of cleavage furrow (Rappaport, 1961).  In 

contrast, micromanipulation experiments performed in mammalian cells 

showed that midzone microtubules are responsible for the furrow positioning  

(Cao and Wang, 1996).  Experiments in C. elegans embryos suggested that 

both astral and midzone microtubules were capable of determining the 

position of the cleavage furrow (Bringmann and Hyman, 2005). Similarly, an 

elegant micromanipulation study revealed that both sets of microtubules were 

able to induce the formation of the cleavage furrow in grasshopper 

spermatocytes (Alsop and Zhang, 2003).  Canman et al  proposed that 

dynamic microtubules at polar regions inhibit cortical ingression while 

stabilized microtubules at the equatorial region induce furrow ingression 

(Canman et al., 2003).  

 

How do microtubules stabilize specifically at the equatorial region during 

cytokinesis?  There are three groups of the protein/the protein complexes, 

named the chromosome passenger complex (CPC), PRC1, and centralspindlin 

complex that are known  to be involved in the regulation of dynamics of 

microtubules in the equatorial region during cytokinesis (Glotzer, 2009). 
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The chromosome passenger complex, CPC, is a multimeric protein complex 

consisting of aurora B kinase, INCENP, survivin and borealin.  CPC is present 

in the nucleus in interphase.  During prometaphase and metaphase, CPC is 

associated with chromosomes. After cells enter anaphase, it relocates from 

chromosomes to the equatorial microtubules and remained associated with 

these microtubules during cytokinesis. Perturbing the function of any of the 

CPC components affects the activity and localization of the other members of 

the complex, suggesting that the whole complex is necessary for its proper 

functioning during cytokinesis (Jeyaprakash et al., 2007; Ruchaud et al., 

2007). 

 

Protein related to cytokinesis (PRC1) is a member of MAP65 family of 

proteins, and was first discovered as a substrate of Cdk1 (Jiang et al., 1998; 

Loïodice et al., 2005; Janson et al., 2007; Gaillard et al., 2008).  The members 

of MAP65 family of proteins are known for selective cross-linking of anti-

parallel arrays of microtubules including PRC1 (Loïodice et al., 2005; Janson 

et al., 2007; Gaillard et al., 2008; Bieling et al., 2010).  Upon the anaphase 

onset, PRC1 localizes to the midzone microtubules and stabilizes and bundles 

these microtubules (Zhu and Jiang, 2005).  In cells depleted of PRC1, furrow 

ingressed but failed to undergo abscission, leading to the formation of the 

binucleated cell (Mollinari et al., 2005), suggesting that PRC1 is crucial for 

proper progression of cytokinesis.   
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Centralspindlin is a hetero-tetrameric complex consisting of MKLP1 and 

MgcRacGAP in a 2:2 stoichiometric ratio (Mishima et al., 2002; Pavicic-

Kaltenbrunner et al., 2007).  MKLP1 was first identified as a protein 

associated with the mitotic spindle in mammalian cells, while MgcRacGAP 

was discovered as a new member of the Rho family GTPase activating protein 

(GAP) (Sellitto and Kuriyama, 1988; Nislow et al., 1990; Touré et al., 1998).  

These two proteins were identified in several other organism and they are 

named differently among different organisms: MKLP1 (vertebrates), ZEN4 

(C. elegans), Pavarotti (Drosophila), and an upstream regulator of RhoA, a 

RhoGAP protein MgcRacGAP (vertebrates), CYK-4 (C. elegans), 

RacGAP50C (Drosophila). In the rest of this thesis, I refer to MKLP1 and 

MgcRacGAP for the components of centralspindlin unless otherwise stated.  

Mutation analysis of MKLP1 or MgcRacGAP caused a failure of assembly of 

midzone microtubules and cytokinesis failure, suggesting that centralspidlin is 

required for midzone microtubule assembly and cytokinesis (Powers et al., 

1998; Raich et al., 1998; Severson et al., 2000). 

 

A GEF domain-containing protein Ect2 is known to form a complex with 

centralspindlin during cytokinesis in animal cells (Yüce et al., 2005; Zhao and 

Fang, 2005; Kamijo et al., 2006).  The interaction of Ect2 with the N terminus 

of HsCYK 4 has been shown to be important for its localization to the 

midzone (Yüce et al., 2005; Zhao and Fang, 2005; Chalamalasetty et al., 

2006; Kamijo et al., 2006; Nishimura and Yonemura, 2006).  Similar to 

centralspindlin, cells depleted of Ect2 causes failure of cytokinesis and 

formation of multinucleate cells (Saito et al., 2004).  Depletion of either one of 
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the components of centralspindlin causes a failure of Ect2 localization to the 

midzone (Yüce et al., 2005; Zhao and Fang, 2005; Chalamalasetty et al., 

2006; Kamijo et al., 2006; Nishimura and Yonemura, 2006).  In contrast, 

centralspindlin localization is not affected by Ect2 depletion (Yüce et al., 

2005; Kamijo et al., 2006; Nishimura and Yonemura, 2006), suggesting Ect2 

is a downstream factor of centralspindlin. 

 

These three groups of the protein/the protein complex influence each other.  

For example, aurora B (a component of CPC) phosphorylates MKLP1, 

promoting its  oligomerization, which is important for its localization and 

bundling of microtubules (Douglas et al., 2010).   

 

1.1.2.2.2 Assembly of the contractile ring 

 

The major component of the contractile ring is F-actin and myosin II.   

There are two distinct mechanisms to assemble F-actin at the equatorial 

region. The first mechanism involves the transport of pre-existing F- actin to 

the equatorial region, the process of which is dependent on myosin II activity 

(Zhou and Wang, 2008)  although myosin II localization to the equatorial 

cortex is independent of its ATPase activity (Zhou and Wang, 2008).  The 

second pathway is  the de novo assembly of F-actin that involves RhoA-

dependent pathway (Li et al., 2010).  
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The RhoA pathway promotes the formation of actomyosin ring through two 

main effector pathways. RhoA activates the formins during cytokinesis, which 

nucleates unbranched filaments of actin. This function of RhoA is conserved 

from Aspergillus, fission yeast to human cells (Castrillon and Wasserman, 

1994; Imamura et al., 1997; Tominaga et al., 2000; Pelham and Chang, 2002; 

Severson et al., 2002; Tolliday et al., 2002; Peng et al., 2003; Ingouff et al., 

2005; Watanabe et al., 2008).  RhoA also promotes activation of myosin II 

through two kinases, ROCK and Citron kinase (Amano et al., 1996; 

Yamashiro et al., 2003).  Both kinases promote the activation of myosin II by 

directly phosphorylating the myosin regulatory light chain (Matsumura, 2005) 

and are involved in cytokinesis (Madaule et al., 1998; Kosako et al., 2000). 

 

Apart from actin and myosin II, the contractile ring consists of other proteins 

including anillin, actin crosslinking proteins, septin filaments, specific lipids  

(Dobbelaere and Barral, 2004; Matsumura, 2005; Joo et al., 2007; Maddox et 

al., 2007; Reichl et al., 2008; Estey et al., 2010).  Anillin was found to interact 

with F-actin, myosin II, RhoA and Cyk4 (D'Avino et al., 2008; Piekny and 

Glotzer, 2008). It was suggested that anillin is involved in linking the signals 

from the mitotic spindles with the equatorial cortex (Gregory et al., 2008). 

 

1.1.2.2.3 Constriction of the contractile ring 
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It has been proposed that the contraction of the contractile ring is achieved by 

a mechanism similar to muscle contractions (Schroeder, 1972).  Consistent 

with this idea, myosin II filaments were observed in cells at the cleavage 

furrow during cytokinesis (Yumura et al., 2008; Zhou and Wang, 2008; Vale 

et al., 2009).  Besides its role in generating force to constrict the contractile 

ring, myosin II was also implicated in the turnover of actin filaments at the 

equator (Guha et al., 2005; Murthy and Wadsworth, 2005)  and thus actin 

assembly and disassembly had been shown to be important for cytokinesis 

(Guha et al., 2005; Murthy and Wadsworth, 2005).  Our previous study 

revealed that cytokinesis involves remodelling of cortex associated with cross-

linked actin network (Mukhina et al., 2007). These results suggest that 

cytokinesis requires not only myosin based force but also actin 

assembly/disassembly and remodelling.  

 

1.1.2.2.4 Abscission 

 

The midbody, which connects the two daughter cells and remains connected 

until the daughter cells are physically separated (Steigemann and Gerlich, 

2009; Guizetti and Gerlich, 2010), is composed of a dense array of 

antiparrallel microtubules and an electron-dense matrix of unknown 

composition. Proteomics analysis of the midbody revealed the involvement of 

the components of the membrane fusion machinery, such as syntaxin 2, 

endobrevin/VAMP-8, and membrane scission machinery components 

including ESCRT proteins (Skop et al., 2004).  Studies on inhibition of the 

function of these proteins suggested their importance for the abscission (Low 
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et al., 2003; Hurley and Hanson, 2010; Caballe and Martin-Serrano, 2011; 

Henne et al., 2011; Morita, 2012).  Moreover, membrane trafficking inhibition 

led to failure of abscission. (Barr and Gruneberg, 2007; Prekeris and Gould, 

2008; Schiel and Prekeris, 2010; Neto and Gould, 2011).  Recent  studies on a 

microtubule-depolymerising enzyme spastin showed that inhibition of spastin 

delays the completion of cytokinesis (Connell et al., 2009; Guizetti et al., 

2011)  and this phenotype can be rescued by microtubule-depolymerising 

agents (Connell et al., 2009; Guizetti et al., 2011).  Moreover, spastin 

recruitment had been shown to be dependent on ESCRT III (Reid et al., 2005; 

Yang et al., 2008; Connell et al., 2009).  These results suggest that 

coordinated action of depolymerisation of microtubules with membrane 

remodelling events might be involved in the abscission process.  

 

1.1.2.3 A question remaining in the cytokinesis field 

 

During past decades, tremendous progress has been made in understanding the 

mechanism that determines the position of the cleavage furrow where 

microtubules play a pivotal role in the assembly of the contractile actomyosin 

ring.  However, little is known if actin plays a role in the regulation of the 

microtubules dynamics and functions during cytokinesis.  

Our previous study showed that an actin cross-linking protein -actinin may 

be involved in the specification of different populations of microtubules 

during cytokinesis in mammalian cells (Mukhina et al., 2007; see below for 

details).   
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In my thesis project, I have dissected the roles of -actinin in the regulation of 

microtubules dynamics and functions during cytokinesis in mammalian cells. 

 

1.2        An actin cross linking protein -actinin 

 

1.2.1 -Actinin 

-actinin is an actin crosslinking protein. 

Actin cross-linking proteins crosslink F-actin and are responsible for the 

formation of higher order structures or into meshwork like network of F-actin.  

F-actin can be organized into parallel or anti-parallel bundles or into 

meshwork like filaments depending on the type of cross-linking proteins 

involved in the formation of different structures (Bartles, 2000; Revenu et al., 

2004).  Parallel and anti-parallel bundles are formed by proteins with two 

discrete actin-binding domains or multimeric proteins that contain a single 

actin-binding domain per subunit. However, meshwork like network of actin 

filaments are formed by ABP with multiple actin binding domains that are 

separated by flexible spacer domains such as spectrin like repeats which 

allows more perpendicular arrangements of F-actin (Winder and Ayscough, 

2005).  

 

-actinin is first identified and purified in skeletal muscle (Ebashi and Ebashi 

1965).  -actinin has been demonstrated to be an important actin crosslinking 

protein which localizes to different cellular structures including focal 
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adhesion, stress fibres in interphase and to the equatorial region during 

cytokinesis (Otey. C., et al. 2004). Structural studies have shown that -

actinin is composed of three different functional domains (Figure 2). Its N-

terminal region is the two calponin homology domain (CH), which is an well 

characterized as an actin binding domain that is found in many spectrin super-

families of proteins.  The central region consists of four spectrin like repeats, 

which are important for forming the anti-parallel rod shape filaments. Apart 

from its function in forming homo-dimers, spectrin like repeats in -actinin 

are thought to provide tensile strength to the rod shaped filamentous structure 

to -actinin.  Spectrin like repeats also acts as a scaffold for binding to other 

binding proteins to -actinin, which may be important for regulating -

actinin’s function during different cellular processes. Its C-terminus is 

composed of two calmodulin-like EF hand motifs that bind to Ca
2+ 

and 

regulate the F-actin binding ability of -actinin. 

-actinin has been found to be present as an anti-parallel homodimer, with two 

actin binding domain facing opposite ends of the -actinin homodimer, which 

may be important for cross-linking of F-actin. Structural studies of -actinin 

have suggested it is both axially curved and twisted (Kristina Djinovic-

Carugo. et al., 2002). These properties of the -actinin allow it be a high- 

affinity binding site for interacting molecule at the spectrin like repeats. Also, 

it makes the molecule very elastic, significantly contributing to the stability of 

the molecule. These peculiar properties of different domains allow it to be 

amenable to interact with a diverse range of molecules and also to be regulated 

through different signalling pathways during different cellular processes.  
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Figure 2: Schematic of -actinin structure and its major domains. 

 

 

-actinin is composed of two actin-binding domains (ABD) in its amino-

terminal region (N), four spectrin like repeat in the central region and two EF 

hand motifs in its carboxy(C) terminal region. -actinin generally exists as a 

homodimer. 
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1.2.2 Roles of -actinin during cytokinesis 

 

As early as three decades ago it was shown that -actinin localized to the 

cleavage furrow region during cytokinesis in chick embryos, sea urching eggs 

and also in mammalian cells (Fujiwara et al., 1978; Mabuchi et al., 1985; 

Sanger et al., 1987), suggesting -actinin may play a role during cytokinesis. 

Microinjection of antibodies against -actinin into mammalian cells caused no 

obvious defects in cytokinesis (Jockusch et al., 1991).  In contrast, genetic 

analysis of fission yeast Ain 1p protein which is an -actinin like protein was 

implicated in cytokinesis (Wu et al., 2001). It was shown that, when Ain 1p 

was deleted it lead to the formation of abnormal actin ring and when it was 

over expressed it lead to the formation of disorganized or mis-positioned actin 

rings, suggesting that Ain1p is involved in the formation of equatorial actin 

ring in fission yeast. Also, deletion or overexpressions of ain1 in yeast lead to 

an increase in the number of binucleate cells, suggesting that ain1 is involved 

in cytokinesis (Wu et al., 2001).  We have previously shown that 

overexpression of -actinin inhibits cytokinesis, whereas depletion of -

actinin by RNAi technology induced accelerates cytokinesis and ectopic 

furrows in mammalian cells (Mukhina et al., 2007).  These finding suggest the 

intriguing possibility that -actinin may be involved in the regulation of 

mitotic spindle organization, possibly specifying different microtubule 

populations.   
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In order to test this hypothesis I have conducted an in depth analysis of the 

roles of -actinin in the specification of different population of microtubules 

during cytokinesis in mammalian cells using a combination of molecular 

manipulations and microscope-based technique. 
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2 Materials and Methods 

 

 

 

2.1  Cell Biology 

 

 

 

2.1.1  Cell Lines 

 

 

     

Table 1: The NRK-52E cell line used in this study 

 
 

 
Cell line NRK-52E 

Organism Rattus norvegicus (rat) 

Organ Kidney 

Disease Normal 

Growth Epithelial 

Morphology Adherent 

Source ATCC 

 
 
 
   Table 2: The HeLa cell line used in this study 

 

 

 
Cell line HeLa 

Organism Homo sapiens (Human) 

Organ Cervix 

Disease Adenocarcinoma   

Growth Epithelial 

Morphology Adherent 
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Source ATCC 

 
 
 
2.1.2 Reagents 

 

 

 

2.1.2.1 Antibodies  

 

 

 

Table 3: The primary antibodies used in this study along with 

fixative used and antibody working concentration 

 
Antibody 

description 

Source Origin Fixation Dilution 

Anti-α 

actinin 

ImmunoGlobe Rabbit 

(polyclonal) 

PFA 1:400 

Anti-AIM1 Upstate Mouse 

(monoclonal) 

PFA  1:100 

Anti-EB1 BD 

biotechnologies 

Mouse 

(monoclonal) 

PFA 1:300 

Anti-

MgcracGAP 

Genetex Rabbit 

(polyclonal) 

PFA 1:200 

Anti-

MKLP1 

Santa Cruz 

Biotechnology 

Rabbit 

(polyclonal) 

PFA 1:200 

Anti-PRC1 Santa Cruz 

Biotechnology 

Goat 

(polyclonal) 

Methanol 1:200 

Anti-α-

tubulin 

Sigma Mouse 

(monoclonal) 

PFA/Methanol 1:500 
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Anti-α- 

tubulin 

Abcam Rabbit 

(polyclonal) 

PFA 1:200 

 
 

 

Table 4: The secondary antibodies used in this study and its 

working concentration. 

 

Antibody description Source  Origin Dilution 

Anti-Mouse 

conjugated with Alexa 

Fluor 488 

Molecular 

Probes 

Goat 

(polyclonal) 

1:200 

Anti-Mouse 

conjugated with Alexa 

Fluor 543 

Molecular 

Probes 

Goat 

(polyclonal)  

1:200 

Anti-Rabbit 

conjugated with Alexa 

Fluor 488 

Molecular 

Probes 

Goat 

(polyclonal) 

1:200 

Anti-Rabbit 

conjugated with Alexa 

Fluor 543 

Molecular 

Probes 

Goat 

(polyclonal) 

1:200 

Anti-Goat conjugated 

with Alexa Fluor 543 

Molecular 

Probes 

Rabbit 

(polyclonal) 

1:200 
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2.1.2.2 Cell culture medium 

 

 

 

Dulbecco’s modified Eagle medium (DMEM; Sigma) in powder was 

dissolved in Deionised water and 3.7g/L of sodium bicarbonate was added and 

the solution pH was adjusted to 6.8 using 1N HCl and filtered using 0.2m 

filter and aliquots were stored in an air tight bottles at 4
o
C. Similarly, Kaighn’s 

modified F12 (F12K; Sigma) in powder was dissolved in Deionised water and 

2.5g/L of sodium bicarbonate was added and the solution pH was adjusted to 

6.8 using 1N HCl and filtered using 0.2m filter and aliquots were stored in an 

airtight bottles at 4
o
C. 

 

2.1.2.3 Drugs 

 

 

 

S-(-) isomer of blebbistatin (Toronto research) stock of 100mM was prepared 

by dissolving in DMSO and used at a final concentration of 100M. Cell 

permeable C3 exoenzyme (Cytoskeleton) was used at final concentration of 

2g/ml. latranculin A (Molecular probes) stock of 1mM was prepared by 

dissolving in DMSO and used at a final concentration of 1M. Nocodazole 

(Sigma) stock of 3.3mM was prepared by dissolving in DMSO and used a 

final concentration of 0.33M. G418 (Life Technologies) stock of 50mg/ml 

was purchased and used at a final concentration of 800g/ml. DMSO was used 

a solvent control for all drug  treatment experiments. All the stock solutions 

were stored at -20
o
C. 
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Table 5: Drugs used in this study and their mode of action 

 

Name Mode of action 

Blebbistatin Binds to myosin II ADP-pi binding pocket, there 

by inhibits myosin II ATPase activity 

C3 transferace Inhibits ADP-ribosylation on asparagines 41 in the 

effector binding domain of GTPase 

Latrunculin Binds to actin monomers near the nucleotide 

binding cleft and prevents them from 

polymerization 

Nocodazole Binds to tubulin dimers and inhibits tubulin 

polymerization  

G418 Blocks polypeptide synthesis by inhibiting the 

elongation step during translation 

 

 

2.1.2.4 Solutions 

  

0.05% trypsin: 

0.25% trypsin (GIBCO)     10ml 

Hank’s balanced salt solution (HBBS, GIBCO)  40ml 

 

STE: 

NaCl     0.1 M 

Tris·Cl(pH 8.0)   10 mM 
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EDTA (pH 8.0)   1 mM 

 

Cytoskeleton buffer (CB) pH 6.1: 

 

NaCl     137 mM 

KCl         5 mM 

Na2HPO4     1.1 mM 

K2HPO4          0.4 mM 

MgCl2            2 mM 

EGTA (PH 8.0)      2 mM 

PIPES (PH 7.0)      2 mM 

Glucose    5.5 mM 

     

 

HEK (pH 7.5): 

 

    HEPES     20 mM 

    EDTA        1 mM 

    KCl      50 mM 

 

Lysis buffer10x:  

     

    NaCl        5M 

    Tris        1M 

    EDTA     0.5M 
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Phosphate- buffered saline (PBS) pH 7.4: 

 

NaCl    137mM 

    KCl      2.7mM 

    Na2HPO4    10 mM 

    KH2PO4     1.8mM 

    

 

2.1.2.5 F-actin, DNA markers and microinjection dye 

 

Table 6: F-actin, DNA markers and microinjection dye 

 

 

Name Source Stock 

concentration 

Final 

concentration 

Hoechst 

33258 

Sigma 10 mg/l  10 g/l 

Rhodamine-

Phalloidin 

Molecular 

Probes 

200 Units/ml 4 Units/ml 

Dextran-

Fluorescein 

Molecular 

Probes 

12.5 mg/ml 2.5 mg/ml 

 

 

2.1.3 Cell culture conditions 
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HeLa cells used in this study were cultured in DMEM and NRK cells were 

cultured in F12K medium which were supplemented with 10% FBS, 1 mM L-

glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (GIBCO) at 37°C 

and 5% CO2. 

 

HeLa and NRK cells were maintained in 100 mm or 60 mm polystyrene Petri 

dishes. Cells were cultured in a custom designed acrylic chamber with glass 

coverslip in the bottom for all for all live cell imaging and Immuno-

fluorescence experiments as described previously (Mckenna and Wang, 1989).  

Depending on the objectives used for different experiments different 

thicknesses of glass coverslips were used for best possible optical performance 

during image acquisition. 

 

Standard cell culture routine was followed for general cell maintenance. In 

Brief, upon confluence the spent medium in the culture vessels was removed 

and then briefly rinsed with STE to remove the remaining medium. Then, cells 

were treated with 0.05% tryspin for a brief interval then incubated for 1-3 

minutes, after incubation cells were collected in a pre-warmed culture medium 

and then seeded into culture dishes. 

 

 

2.1.4 Trasnfection 

 

Plasmids and siRNA used in this study were transfected using Lipofectamine 

2000 reagent (Invitrogen). One day before transfection cells were cultured 

either in glass bottom cover slip chamber or in culture dishes. On the day of 
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transfection, cells were briefly rinsed with Opti-MEM (Life technologies) to 

remove the traces of the complete medium and the transfection mix consisting 

of either plasmids or siRNA and Lipofectamine reagent were added and 

incubated for 4 hours. After incubation the transfection mix was replaced by 

complete medium. The cells were culture for another 24-72 hours post 

transfection. 

 

2.1.5 Establishment of Stable cell line 

 

Cells stably expressing cherryFP--tubulin were generated by transfecting 

NRK cells with cherryFP--tubulin plasmid and culturing them in the 

presence of 800ug/ml G418 (Life Technologies). Several colonies expressing 

cherryFP--tubulin were isolated using a micromanipulator (Leica) and one of 

the cell lines expressing cherryFP--tubulin from the selection was used in the 

current study. 

 

 

2.1.6 Microinjection 

 

Microinjection was performed using a custom drawn glass needles pulled with  

David-Kopf Model 700 vertical puller and injected using a FemtoJet pressure 

control system (Eppendorf). 

 

2.1.7 Immunofluorescence 
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For immunofluorescence experiments, cells were seeded on a glass bottom 

cover slip chambers. Cells were rinsed twice with prewarmed PBS or CB to 

remove all the traces of culture medium. They were then treated with either 

4% paraformaldehyde (EM Sciences) for 10 minutes in room temperature on a 

shaker or with ice cold methanol for 15 minutes at -20
o
C. After fixation cells 

were washed thrice with PBS or CB at room temperature for 3-5 minutes 

between each interval. The cells fixed with 4% paraformaldehyde were 

permeabilized in PBS containing 0.2% Triton X-100 for 5 minutes at room 

temperature. After permeabilization, both 4% paraformaldehyde and ice cold 

methanol fixed cells were blocked in 3% BSA (Boehringer Mannheim) in PBS 

for minimum of 10 minutes at room temperature and then incubated with 

appropriate primary antibody in a moist chamber for 45-60 minutes at 37
o
C. 

After washing three times with 3% BSA in PBS for 3-5 minutes between each 

interval, the cells were incubated with appropriate secondary antibody in a 

moist chamber for another 45 minutes at 37
o
C. 

 

After fluorescent labeling, DNA was stained using 10 ng/ml Hoechst 33258 

for 5 minutes at room temperature, then were mounted on a chamber and 

stored at 4 
o
C in PBS. 

 

 

2.2 Molecular Biology 

 

2.2.1 Plasmid DNA construction 
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GFP--tubulin was obtained from BD Biosciences Clontech. CherryFP--

tubulin was constructed by replacing the DNA fragment encoding GFP from 

the GFP--tubulin with cherryFP DNA fragment as described (Mukhina et al., 

2007). -actinin-GFP (-actinin-4-GFP, (AM et al., 2001) was a kind gift 

from Dr. Carol Otey (University of North Carolina, USA). CherryFP tagged 

shRNA targeting rat--actinin-4 was constructed using that tagged with GFP 

(SABiosciences). CherryFP coding DNA was amplified using pCMV-cherry 

vector and the amplified fragment was inserted into rat--actinin shRNA 

(SABiosciences) vector using Xma1 and Age1 restriction sites. The efficiency 

of knock down of the protein was quantified by staining for -actinin in rat--

actinin shRNA cherryFP transfected cells. 

 

2.2.2 siRNA synthesis 

 

 

siRNA used in this study was prepared using ambion siRNA construction kit. 

In brief the gene of interest was scanned for AA dinucleotide sequence and the 

adjacent 3
′
 19 nucleotide sequence was chosen for siRNA synthesis. Several 

primers were designed using the criteria mentioned above along with 8 leader 

sequence (CCTGTCTC) in the 3
′
 end of the each primer which is 

complementary to the T7 promoter primer. For invitro siRNA synthesis the 

individual sense or antisense primers were incubated with T7 promoter primer 

along with DNA hybridization buffer, dNTP mix, Klenow reaction buffer and 

the Exo-Klenow enzyme and incubated for 30 mins at 37
o
C in a separate 

reaction mixture. The Klenow extended sense and antisense strands were 

transcribed using T7 RNA polymerase and the resulting RNA transcripts from 
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sense and antisense reactions are mixed together to form dsRNA. The purity 

of dsRNA was confirmed by agarose gel electrophoresis and the concentration 

of dsRNA was measured using nanodrop.  

 

                                 Table 7: List of siRNA used in this study  

 

Target Strand Sequence 

Human -actinin 

1 

Sense(5′-3′) 

Antisense(5′-

3′) 

AAGGTGGAGGAAGAAATCCAG 

CTGGATTTCTTCCTCCACCTT 

Human -actinin 

4 

Sense (5′-3′) 

Antisense(5′-

3′) 

AAGATGGTATGGACGATGAAC 

GTTCATCGTCCATACCATCTT 

Rat -actinin 4 Sense(5′-3′) 

Antisense(5′-

3′) 

AUGUCUUGGAUGGCGAACCTG 

CAGGTTCGCCATCCAAGACAT 

Human 

MgcRacGAP1 

Sense(5′-3′) 

Antisense(5′-

3′) 

AAGACTCTTCTTTGGTGAAGA 

TCTTCACCAAAGAAGAGTCTT 

Control  Sense(5′-3′) 

Antisense(5′-

3′) 

AACCTGTCGCTTTCGCGTCTG 

CAGACGCGAAAGCGACAGGTT 

 

 

2.2.3 E.coli strain growth and maintenance 
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E.coli XL1 Blue was used for plasmid amplification and maintenance.  

Bacteria were grown in Luria-Bertani (LB) broth at 37
o
C 

 

2.2.4 Tranformation of E.coli 

 

Heat shock based transformation of E. coli was performed by incubating the 

Heat shock competent E.coli along with the plasmid for 45 seconds in a water 

bath pre-warmed and maintained at 42
o
C. Immediately after heat shock the 

bacteria was placed on ice for 2 minutes and then cultured in LB broth for 1 

hour at 37
o
C with vigorous shacking. After the incubation the bacteria was 

plated on a LB agar with either 100 μg/ml ampicillin or 30 μg/ml kanamycin. 

Also, in some cases transformation was performed in an electro-competent 

bacterium using Electroporation using with BioradTM E.coli pulser. 

 

2.3 Biochemistry 

 

2.3.1 Mammalian cell lysis 

 

HeLa cells were rinsed twice with ice-cold PBS to remove all the residual 

culture medium. Then the cells were covered with a layer of lysis buffer 

supplemented with complete mini protease inhibitor cocktail (Roche) and 

Nonidet-40 (NP-40) for 2 minutes on ice. The cells were collected using cell 

scraper and sonicated thrice for 30 seconds on ice. After sonication the lysates 
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were collected by spinning the sonicated samples at 10000g for 30 minutes at 

4
o
C.  The supernatant was collected and stored at -20

o
C 

 

 

2.3.2 Total protein measurement 

 

Total protein concentration in the lysate was estimated using Biorad DC 

protein assay kit according to the manufacture’s recommendation. 

 

2.3.3 SDS-PAGE 

 

Proteins were separated in 10% polyacrylamide gel consisting of 0.5% NN’- 

methylenebisacrylamide, 0.375 mM Tris-HCL pH 8.8, 0.1% SDS, 0.0075% 

APS and 0.05% TEMED and the gels were cast with a 1.5 mm spacer. The 

proteins were diluted in SDS- loading buffer consisting of beta-

mercaptoethanol and boiled for 5 mins at 95
o
C. The proteins were separated in 

SDS-PAGE using a mini-PROTEAN electrophoresis system (Biorad) using a 

SDS-running buffer (25 mM Tris, 192 mM glycine and 0.75% SDS) at room 

temperature. 

 

2.3.4 Immunoblotting and detection 

 

Proteins that were separated using SDS-PAGE were transferred onto a 

nitrocellulose membrane using Mini Trans-blot electrophoretic Transfer Cell 

(Bio-Rad) in transfer buffer consisting of (33.7 mM Tris, 256 mM glycine, 

20% methanol and 0.01% SDS) at 100 V for 60 minutes at 4
o
C. After transfer, 
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the nitrocellulose membrane was blocked with 3% BSA and 0.1% tween-20 in 

PBS for overnight at 4
o
C. The membrane was incubated with primary 

antibody diluted in 3%BSA in PBS for 1 hour at room temperature on a 

shacking platform and then the membrane was washed thrice with 3%BSA 

and 0.1% tween-20 in PBS and incubated with secondary antibody diluted in 

PBS with 0.1% tween-20. After secondary antibody incubation the membrane 

was washed thrice in 0.1% twee-20 in PBS and the protein was detected using 

chemiluminescent ECL1 (Amersham) kit as instructed by the manufacturer. 

 

 

2.3.5 Antibodies  

 

 

 

              Table 8: List of antibodies used for immunoblotting 

 

 

 

Antibody Source Origin Dilution 

Anti-α-actinin Sigma Mouse 

(monoclonal) 

1:1000 

Anti-

MgcRacGAP1 

Abnova Mouse 

(monoclonal) 

1:1000 

Anti-GAPDH1 IMGENEX Mouse 

(monoclonal) 

1:2500 

 

 

 

Secondary anti-mouse conjugated with peroxidase (HRP; Sigma) was used at 

a dilution of 1:5000 to detect the protein levels. 
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2.4 Microscopy techniques 

 

2.4.1 Sample preparation for live cell imaging 

 

For Live cell imaging, cells grown on the custom designed glass bottom cover 

slip chambers and before imaging cells were washed once with prewarmed 

complete cell culture medium to remove all floating cells and debris. The glass 

cover slip chambers with cells were overlaid with a layer of mineral oil 

(Sigma-Aldrich) to prevent evaporation of the medium during image 

acquisition. 

 

2.4.2 Sample preparation for Immunofluorescence staining 

 

Immunofluorescence experiments were performed by culturing cells in a glass 

bottom coverslip chambers. For drug treatment experiments, cells were 

cultured in a culture medium containing specific drug and incubated for 

specified amount of time at 37
o
C in a 5% CO2 incubator. After incubation, 

cells were rinsed twice in prewarmed PBS or CB to remove all the traces of 

culture medium and then they were fixed using specified fixative. After 

fixation cells were washed thrice with PBS or CB at room temperature for 3-5 

minutes between each interval, permeabilized in PBS containing 0.2% Triton 

X-100 for 5 minutes at room temperature. After permeabilization, cells were 

blocked in 3% BSA (Boehringer Mannheim) in PBS for minimum of 10 

minutes at room temperature and then incubated with appropriate primary 

antibody in a moist chamber for 45-60 minutes at 37
o
C. After washing three 
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times with 3% BSA in PBS for 3-5 minutes between each interval, the cells 

were incubated with appropriate secondary antibody in a moist chamber for 45 

minutes at 37
o
C. 

 

2.4.3 Live cell imaging 

 

Cells cultured in a glass cover slip chambers overlaid with a layer of mineral 

oil were used for live cell imaging. Live cell imaging was conducted in custom 

designed incubator maintained at 37
o
C and 5% CO2 mounted on a Axiovert 

200 M inverted microscope (Carl Zeiss) equipped with a 100×, NA1.30, Plan-

NEOFLUAR lens and the images were acquired with a cooled charge-coupled 

device camera (CoolSNAPHQ, Roper Scientific) using MetaView imaging 

software (Universal Imaging). Alternatively, images were acquired using a 

Carl Zeiss spinning disc confocal microscope with an incubator maintained at 

37
o
C and 5% CO2 and equipped with a 100x, NA 1.30, Plan-NEOFLUAR 

lens.  Images were acquired with a Hamamatsu Orcr-ERcamera using a 

MetaView imaging software (Universal imaging).  

 

 

2.4.4 Immunofluorescence microscopy 

 

The fluorescent signals for immunofluorescene stained samples were acquired 

using either a LSM 510 Meta confocal microscope system equipped with a 

100×, NA 1.4 Plan-Apochromat lens and using Diode laser (405 nm), a Argon 

multi-line gas laser (458, 477, 488, 514nm), a HeNe gas laser (633 nm) from 

Carl Zeiss as light source and images were acquired using Photomultiplier 
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tubes (PMT) detector using LSM image acquisition software (Carl Zeiss). 

Alternatively, immunofluorescence signals were detected using the Axiovert 

200 M inverted microscope equipped with 100×, NA1.30, Plan-NEOFLUAR 

lens and the images were acquired using cooled charge-coupled device camera 

(CoolSNAPHQ, Roper Scientific) using MetaView imaging software 

(Universal Imaging). 

 

2.5 Image analysis 

 

2.5.1 Image processing 

 

Images acquired in Axiovert 200 M inverted microscope and Spinning disc 

microscope (Carl Zeiss) using Metaview imaging software (Universal 

Imaging) were processed for Brightness, contrast, crop, and time stamping 

using either MetaView imaging software or Abode Photoshop CS. Images 

acquired in LSM 510 Meta confocal microscope system equipped with a 

100×, NA 1.4 Plan-Apochromat lens using LSM image acquisition software 

(Carl Zeiss) were adjusted for brightness, contrast, crop, image merging, stack 

size selection using LSM image browser (Carl Zeiss) or Image J software.  

 

2.5.2 Quantification of fluorescent signals 

 

Fluorescent intensity signals of sample for analysis were performed using 

either Image J or MetaView (Universal Imaging). Region of interests were 

chosen, outlined and the average intensity of signals were measured. An 



37 
 

intensity of the background was also obtained and subtracted with the intensity 

from the region of interest to obtain a fluorescent intensity of the region of 

interest. All the measurements were exported into Microsoft excel program 

and subjected to further analysis. 

 

2.5.3 Quantification of microtubules 

 

Number of microtubules in the cell of interest was analyzed using LSM image 

browser. In brief, numbers of microtubules were analyzed in only 40% of the 

total cell volume imaged, which represents the middle region of the total cell 

volume acquired. For the measurement the start and end of the cell was 

determined by identifying the fluorescent signals from the F-actin staining and 

the upper and lower 30% of the cell volume was excluded for the purpose of 

reducing overestimating the count. In the remaining 40% of the cell volume, 

the numbers of microtubules in the polar region that were in close proximity to 

the actin cortex or that were associated with the actin cortex were counted 

manually. The quantification was logged into a excel file and further analysis 

was performed using Microsoft excel.  

 

 

2.5.4 Quantification of EB1 and MKLP1 dots 

 

EB1 dots were counted in the region of interest using LSM image browser. A 

single confocal plane representing the middle plane of the cell was selected, 

which was estimated by choosing the plane which showed both the 

centromeres in the same confocal plane using bright field image. Once the 
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middle plane was selected the corresponding fluorescent image was chosen 

and the number of the EB1 in the half spindle of the cell was counted 

manually. The data was logged in to Microsoft excel file and further analysis 

was performed. 

 

Alternatively MKLP1 dots were quantified using Image J software. The 

images of cells of interest were exported as .tiff images and opened using 

Image J software. Images were first converted into 8 bit format and the 

region/cell of interest was outline and the rest of the region outside the region 

of interest was cleared for reducing discrepancy in the analysis. Then the 

images were converted into black and white image using threshold function 

and the outline function was used to outline all the dots in the region of 

interest.  The area of dots were measured using measure analyze particle 

function and the data was exported and further analysis was performed using 

Microsoft excel.  

 

 

2.5.5 Kymograhic analysis 

 

Time lapse images were acquired every 2 seconds using spinning disc 

confocal system (Carl Zeiss). The region of interest was chosen and the 

kymograph was obtained using metamorph (Universal Imaging). 
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3.   Results 

 

3.1 -actinin is important for regulation of mitotic spindle 

organization in mammalian cells 

 

3.1.1    Effects of modulation of -actinin levels on mitotic spindle 

organization 

 

To analyze the effects of modulation of -actinin levels on mitotic spindle 

organization, NRK cells were transfected with GFP--tubulin together with -

actinin-CherryFP or shRNA against -actinin tagged with CherryFP and were 

observed under fluorescence microscopy.  In control cells expressing GFP--

tubulin alone, microtubule bundles were found associated with the equatorial 

cortex during cleavage furrow ingression (12/12).  In contrast, in cells 

expressing GFP--tubulin together with -actinin-CherryFP that showed 

delayed cytokinesis (Mukhina et al., 2007), equatorial microtubules were 

poorly bundled.  I also noticed that few microtubules were associated with the 

equatorial cortex (7/25, Figure 3a, Overexpression of -actinin-CherryFP, 

arrows).  Interestingly, in cells expressing GFP--tubulin together with 

shRNA against -actinin where ~65% of endogenous -actinin was depleted 

(Figure 3b), astral microtubules were associated with the cortex outside the 

equator and bundled in the ectopic furrow (4/11, Figure 3a, -actinin shRNA, 

arrows).  All together, these results suggest that -actinin is involved in the 

regulation of mitotic spindle organization. 
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Figure 3: Effects of modulation of -actinin levels on mitotic spindle 

organization.  

 

(a) Live-cell images of GFP--tubulin in control NRK cells (left) and NRK 

cells coexpressing -actinin-CherryFP (middle) or CherryFP-shRNA against 

-actinin (right).  Microtubule bundles were found associated with the 

equatorial cortex during cleavage furrow ingression (control, arrows).  While 

in cells expressing GFP--tubulin together with -actinin-CherryFP, 

equatorial microtubules were poorly bundled (Overexpression of -actinin-

CherryFP, arrows), astral microtubules were associated with the cortex outside 

the equator and bundled in the ectopic furrow in cells expressing GFP--

tubulin together with shRNA against -actinin where ~65% of endogenous -

actinin was depleted (-actinin shRNA, arrows).  Scale bar, 10m. b) 

Immunoflourescence images of cells depleted of -actinin that were stained 

using antibodies against -actinin. -actinin intensity in cells transfected with 

shRNA against -actinin was compared with the neighbouring non-transfected 

cells. c) Graph of quantification of -actinin fluorescent intensity in shRNA 

transfected cells compared with neighbouring non-transfected cells.  
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3.1.2 Effects of depletion of -actinin on astral microtubules dynamics  

 

A previous report showed that taxol-stabilized microtubules were able to 

promote furrow ingression outside the equator (Shannon et al., 2005).  Thus, 

we speculated that astral microtubules might be stabilized in cells depleted of 

-actinin.  Since depletion of -actinin induced the formation of ectopic 

furrows even before anaphase onset
 
(Mukhina et al., 2007),  we wanted to test 

if astral microtubules are stabilized during early mitosis in cells depleted of -

actinin.  To this end, siRNA against -actinin
 
was microinjected into NRK 

cells stably expressing CherryFP--tubulin and microtubule dynamics were 

analyzed using kymograph.  In this cell line ~10% of -tubulin is tagged with 

CherryFP (Figure 4a and b).  Astral microtubules were highly dynamic in 

control cells expressing CherryFP--tubulin at early mitosis (0/13; Figure 4c, 

Control).  Strikingly, astral microtubules became stabilized in early mitotic 

cells expressing CherryFP--tubulin that were microinjected with siRNA 

against -actinin (8/23; Figure. 4c, -actinin siRNA).  This suggests that -

actinin is required to maintain the dynamic status of astral microtubules during 

early mitosis.  

 

To further assess if astral microtubules were stabilized in cells depleted of -

actinin. I also determined the number of EB1 dots in cells depleted of -

actinin.  EB1 is a protein strongly associated with the plus end of growing, but 

not stable, microtubules (Morrison et al., 1998; Tirnauer et al., 2002; Shannon 

et al., 2005).  I found that the number of EB1 dots in cells depleted of -

actinin were significantly reduced (n~4) compared to the control cells (n~9; 
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Figure 4d and e).  These results suggest that astral microtubules are stabilized 

in cells depleted of -actinin. 
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Figure 4: Effects of depletion of -actinin on astral microtubule 

dynamics. 

 

(a) Immunofluorescene images of stable cells expressing CherryFP--tubulin 

that were stained for microtubules using antibody against -tubulin. b) 

Quantification of the fluorescent intensity of microtubules in control non-

transfected cells compared to cells overexpressing CherryFP--tubulin. c) 

Live-cell images of CherryFP--tubulin in NRK cells that were injected with 

either control scrambled siRNA (left, top) or siRNA against -actinin (left, 

bottom) during early mitosis.  Boxes indicate the regions used for kymographs 

shown in the right panel.  Bar, 10 m (left).  Horizontal bar, 20 s; vertical bar, 

2 m (right).  d) Single confocal images of HeLa cells transfected with control 

scrambled siRNA or siRNA against -actinin that were stained for DNA 

(blue) and EB1 (red).  Arrowheads indicate representative EB1 comets.  Bar, 

10 m.  (e) Quantification of the number of EB1 comets except for those 

along kinetochore microtubules (kMTs) per half cell.  
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3.1.3    Effects of depletion of -actinin on microtubule-cortex 

 interactions. 

 

Since, we observed stabilized microtubules in cells depleted of -actinin. 

Next, I wanted to examine if astral microtubules become stably associated 

with the cortex in cells depleted of -actinin.  To this end, HeLa cells were 

transfected with siRNA against -actinin (Figure 5a and b) and the number of 

microtubules associated with the cortex in the half spindle was counted.  HeLa 

cells depleted of -actinin exhibited abnormal astral microtubule organization 

(Figure 5c) similar to what I observed in NRK cells depleted of -actinin 

(Figure 3a).  I detected a significant increase in the number of microtubules 

associated with the cortex in cells depleted of -actinin (14.2  0.5; n = 15) 

where the density of F-actin was decreased (Mukhina et al., 2007) compared 

to control cells (9.9  0.4; n = 16; p < 0.0001) (Figure 5c and d). 
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Figure 5: Depletion of -actinin causes stable association of astral 

microtubules with the actin cortex.   

 

a) Immunoblotting of HeLa cells transfected with siRNA against -actinin or 

control scrambled siRNA with anti-actinin antibodies. GAPDH was used as a 

loading control. b) Live cell imaging of HeLa cells transfected with siRNA 

against -actinin. HeLa cells transfected with control scrambled siRNA or 

siRNA against -actinin were monitored during cell division by phase contrast 

microscopy. Time elapsed in mins: seconds after anaphase onset. Scale bar 10 

m. c) Single confocal images of HeLa cells transfected with control 

scrambled siRNA or siRNA against -actinin that were stained for DNA 

(blue), F-actin (red), and microtubules (green).  Scale bar, 10 m.  On the 

right, the indicated regions in control cells and cells depleted of -actinin are 

shown at higher magnification.  Bar, 1 m.  d) Quantification of microtubule-

actin cortex associations in HeLa cells transfected with control scrambled 

siRNA or siRNA against -actinin.   
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3.1.4 Effects of depolymerization of F-actin and RhoA inhibition on 

microtubule-actin cortex interaction 

As earlier we had shown that depletion of -actinin stabilization of astral 

microtubules and also caused reduction in the overall F-actin density in the 

cells.  I next examined if reduction of F-actin density by either inhibiting actin 

polymerization or RhoA inhibition causes stable association of microtubules 

with actin cortex as seen in cells depleted of -actinin.  To this end, I treated 

cells with either latrunculin A, an inhibitor of actin polymerization, or cell 

permeable C3, a RhoA inhibitor and the number of microtubules associated 

with the cortex in the half spindle was counted.  Treatment of cells with 

latrunculin A, did not promote stable microtubule-cortex associations (Figure 

6a).  Similarly, treatment of cells with a cell permeable Rho inhibitor C3 

enzyme caused a decrease in F-actin density but no significant increase in the 

number of microtubules associated with the cortex was observed (7.3  0.2; n 

= 11) as compared to DMSO-treated cells (7.1  0.4; n = 10) (Figure 6b and 

c).  These results suggest that -actinin-dependent cortical F-actin integrity is 

required to prevent stable microtubule-cortex association.  
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Figure 6: Effects of depolymerization of F-actin and RhoA inhibition 

on microtubule-cortex interaction 

 

a) Single confocal images of HeLa cells treated with DMSO or latrunculin A 

that were stained for F-actin (red), DNA (blue) and microtubules (green).  

Scale bar, 10 m.  b)  Single confocal images of HeLa cells treated with 

DMSO or cell permeable C3 that were stained for DNA (blue), F-actin (red), 

and microtubules (green).  Bar, 10 m.  (c) Quantification of microtubule-

actin cortex associations in HeLa cells treated with DMSO or cell permeable 

C3.   
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3.1.5 Effects of inhibition of myosin II activity on microtubule-cortex 

interactions in cells depleted of -actinin.   

 

Previously, it has been shown that ectopic furrow formation in cells depleted 

of -actinin requires myosin II activity (Mukhina et al, 2007), I wanted to 

determine if stable microtubule-cortex associations induced by depletion of -

actinin requires myosin II activity.  To this end,  first I checked the effect of 

blebbistatin a specific inhibitor of myosin II ATPase activity (Straight et al., 

2003)  treatment on mitotic spindle organization of normal wild type HeLa 

cells (Figure 7a) and I also treated cells depleted of -actinin with blebbistatin 

and the number of microtubules associated with the cortex in the half spindle 

was counted.  The number of microtubules associated with the cortex (8.2  

0.3; n = 13) in cells deplted of -actinin was significantly less compared to 

cells depleted of -actinin that were treated with DMSO (12.5  0.6; n = 12; p 

< 0.0001) (Figure 7b and c), suggesting that -actinin is required to prevent 

stable microtubule-cortex associations through suppressing myosin-based 

cortical contractility. 
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Figure 7: Effects of inhibition of myosin II activity on microtubule-

cortex interactions in cells depleted of -actinin. 

 

 (a) Single confocal image of wild type HeLa cells treated with DMSO or 

blebbistatin and were stained for microtubules (green), MKLP1 (red) and 

DNA (blue). Scale bar 10 m. Note that cells treated with blebbistatin in wild 

type HeLa cells causes no apparent effects on microtubule organization. b) 

Single confocal images of HeLa cells transfected with siRNA against -

actinin that were treated with DMSO or blebbistatin and were then stained for 

DNA (blue), F-actin (red), and microtubules (green).  Scale bar, 10 m.  (c) 

Quantification of microtubule-actin cortex associations in HeLa cells 

transfected with siRNA against -actinin that were treated with DMSO or 

blebbistatin.   
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3.2 Roles of -actinin in localization of microtubule-associated 

cytokinetic regulators during cell division 

 

3.2.1 Depletion of -actinin causes aberrant localization of centralspindlin  

but not PRC1 and aurora B to the tips of astral microtubules 

 

Earlier we showed that depletion of alpha-actinin cause stabilization of astral 

microtubule and it has been reported that stabilization of microtubules requires 

several cytokinetic regulators. I wanted to determine if microtubule-associated 

cytokinetic regulators are involved in stable microtubule-cortex associations 

induced by depletion of -actinin. To test this, I first analyzed if 

centralspindlin, composed of MKLP1 and MgcRacGAP, is involved in stable 

microtubule-cortex associations induced by depletion of -actinin.  Strikingly, 

I found that small dot-like structures of MKLP1 were localized at the tips of 

astral microtubules in close proximity to the cortex in cells depleted of -

actinin (7/19; Figure 8a, -actinin siRNA), whereas it was faintly localized to 

the kinetochore microtubules in control cells (0/14; Figure 8a, control; 

(Sellitto and Kuriyama, 1988).  Similar localization patterns of MgcRacGAP 

were detected in cells depleted of -actinin (5/16, Figure 8b, -actinin 

siRNA).   

 

In contrast to centralspindlin, both aurora B, a component of CPC, and PRC1 

were rarely detected at the tips of astral microtubules in cells depleted of -

actinin (n = 17 for aurora B, Fig 8c, n = 11 for PRC1; Figure 8d).  These 

results suggest that -actinin plays an important role in preventing aberrant 
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localization of centralspindlin to the tips of astral microtubules, which causes 

stable microtubule-cortex association during early mitosis.   
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Figure 8: Depletion of -actinin causes aberrant recruitment of 

centralspindlin but neither PRC nor aurora B to astral microtubules 

during early mitosis. 

 

(a,,b,c,) Z-stack confocal images of HeLa cells transfected with control 

scrambled siRNA or siRNA against -actinin that were stained for 

microtubules (green), MKLP1 (a, red),  MgcRacGAP (b, red), or aurora B (c, 

red) and DNA (blue). Scale bar 10 m (d) Single confocal images of HeLa 

cells transfected with control scrambled siRNA or siRNA against -actinin 

that were stained for microtubules (green), PRC1 (red) and DNA.  Scale bar, 

10 m.  
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3.2.2  Centralspindlin is indeed associated with astral microtubules in 

cells depleted of -actinin during early mitosis 

 

Since, we observed ectopic localization of cytokinetic regulators including 

MKLP1to the tips of astral microtubule.  I wanted to demonstrate clearly that 

they are indeed localized to the tips of astral microtubule and not just localized 

in the cytoplasm near the microtubule tips. To test this, I treated cells depleted 

of -actinin and wild type HeLa cells with nocodazole and stained for 

microtubules.  In cells depleted of -actinin or non-transfected wild type cells 

that were treated with nocodazole, we rarely observed MKLP1 near the actin 

cortex (0/24; Figure 9a and b, nocodazole treated).  In contrast, in cells 

depleted of -actinin that were treated with DMSO, dot-like structures of 

MKLP1 were detected near the cortex.  These results suggest that 

centralspindlin indeed becomes localized to the tip of astral microtubules in 

cells depleted of -actinin. 

 

 

 

 

 

 

 

 

 

 



54 
 

Figure 9:  Centralspindlin is indeed associated with microtubules in 

cells depleted of -actinin during early mitosis 

 

a) HeLa cells transfected with siRNA against -actinin were treated with 

DMSO, and microtubule depolymerising agent, nocodazaole. The cells were 

fixed and stained for microtubules (green), MKLP1 (red), and DNA (blue). 

Scale bar, 10m. b) Single confocal images of wild type HeLa cells treated 

with DMSO and nocadazole were stained for microtubules (green), 

MKLP1(red) and DNA (blue). Scale bar, 10m.  
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3.2.3 Aberrant localization of centralspindlin induced by depletion of -

actinin is dependent on myosin II activity 

 

As we had demonstrated that -actinin is required to prevent stable 

microtubule-cortex associations through suppressing myosin-based cortical 

contractility. I next asked if aberrant localization of MKLP1 induced by 

depletion of -actinin is dependent on myosin II activity.  To test this 

possibility, I treated cells depleted of -actinin with a specific inhibitor of 

myosin II ATPase activity, blebbistatin (Straight et al., 2003)  and stained 

them for MKLP1. In cells depleted of -actinin or wild type cells that were 

treated with blebbistatin, MKLP1 was rarely detected at the tips of 

microtubules near the actin-cortex (0/10; Figure 10 and b, blebbistatin).  In 

contrast, in cells depleted of -actinin or wild type that were treated with 

DMSO, MKLP1 was found localized at the tips of microtubules near the actin-

cortex (Figure 10a and b, DMSO).  These results suggest that -actinin 

prevents MKLP1 from localizing to the tips of astral microtubules through 

suppressing myosin-based cortical contractility. 
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Figure 10: Inhibition of myosin II activity in cells depleted of -actinin 

prevents MKLP1 from localizing to the tips of astral microtubules. 

 

a)  Z-stack confocal images of HeLa cells transfected with siRNA against -

actinin that were treated with DMSO or blebbistatin and were stained for 

microtubules (green), MKLP1 (red) and DNA (blue).  Scale bar, 10 m. b) Z-

stack confocal images of wild type HeLa cells that were treated with DMSO 

or blebbistatin were stained for microtubules (green), MKLP1 (red) and DNA 

(blue).  Scale bar, 10 m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

3.2.4 Stable microtubule-actin cortex interactions induced by depletion 

of -actinin is caused by mislocalization of centralspindlin to astral 

microtubules 

 

Since -actinin depletion causes stabilisation of astral microtubules and also 

mislocalization of cytokinetic regulator complex centralspindlin, I wanted to 

test which one these process is the effected by -actinin depletion. To 

understand this I hypothesized that depletion of -actinin caused stable 

microtubule-actin cortex interactions through recruiting centralspindlin to 

astral microtubules.  To test this hypothesis, both -actinin and MgcRacGAP 

were depleted from HeLa cells and these cells were stained for microtubules 

and F-actin and the number of microtubules that were in close proximity to the 

actin cortex was counted.  Strikingly, I found that in cells depleted of both 

MgcRacGAP1 and -actinin (Figure 11a and b), astral microtubules failed to 

stably associate with the actin cortex (n=16, Figure 11c) and the number of 

microtubules found in close proximity to the actin cortex were significantly 

reduced (Figure 11d).  In contrast, cells depleted of -actinin alone astral 

microtubules were found stably associated with the actin-cortex (Figure 11c 

and d, -actinin siRNA). Taken together, these results suggest that -actinin is 

required to maintain the dynamic status of astral microtubules by preventing 

the recruitment of centralspindlin to astral microtubules. 
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Figure 11: Effect of double depletion of -actinin and MgcRacGAP on 

astral microtubule actin-cortex interaction. 

 

(a) Immunoblotting of HeLa cells transfected with control scrambled siRNA, 

siRNA against -actinin, or siRNA against -actinin and MgcRacGAP with 

anti-actinin antibodies. b) Immunoblotting of HeLa cells transfected with 

control scrambled siRNA, siRNA against -actinin, or siRNA against -

actinin and MgcRacGAP with anti-MgcRacGAP antibodies. In both a and b 

GAPDH was used as a loading control. c) Single confocal images of HeLa 

cells transfected with control scrambled siRNA, siRNA against -actinin, or 

siRNA against -actinin and MgcRacGAP that were stained for DNA (blue), 

F-actin (red), and microtubules (green).  Scale bar, 10 m.  (d) Quantification 

of microtubule-actin cortex associations in HeLa cells transfected with control 

scrambled siRNA, siRNA against -actinin, or siRNA against -actinin and 

MgcRacGAP.   
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3.2.5 Depletion of -actinin causes aberrant localization of 

centralspindlin components MKLP1 and MgcRacGAP to the polar 

 astral microtubules during late mitosis. 

 

Next I examined the effects of depletion of -actinin on microtubule 

organization and localization of centralspindlin during late mitosis. I found 

that a subset of astral microtubules was elongated to the equatorial cortex, 

while well-organized midzone microtubules were formed in control cells 

(Figure 12a, Microtubules, control).  In contrast, in cells depleted of -actinin, 

astral microtubules were extensively elongated toward the entire cortex and 

midzone microtubules were poorly organized (Figure 12a and b, Microtubules, 

-actinin siRNA).   

Both MKLP1 and MgcRacGAP were concentrated to the midzone in control 

cells, whereas they were detected throughout entire cortex with dot-like 

structures and failed to fully concentrate in the midzone in cells depleted of -

actinin (3/8; Figure 12a, a MKLP1 and 6/19; 12b, MgcRacGAP).  These 

results suggest that aberrant recruitment of centralspindlin to polar astral 

microtubules induced by depletion of -actinin leads to impaired formation of 

midzone microtubules.   
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Figure 12: Aberrant microtubule organization and localization of 

centralspindlin in cells depleted of -actinin during late mitosis. 

 

(a, b) Z-stack confocal images of HeLa cells transfected with control 

scrambled siRNA or siRNA against -actinin that were stained for 

microtubules (green), MKLP1 (a, red) or MgcRacGAP (b, red) and DNA 

(blue).  Scale bar, 10 m.   
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3.2.6 MKLP1 forms larger clusters outside the equatorial region in cells 

depleted of -actinin. 

 

As we showed earlier that depletion of -actinin cause mislocalization of 

MKLP1 during both early and late mitosis and it has been suggested that 

clustering of centralspindlin promotes its association with microtubules plus 

ends. I wanted to test if there is any change in size of MKLP1 dot during early 

and late mitosis in cells depleted of -actinin. To test this, I quantified the size 

of dot-like structures of MKLP1 that were localized throughout the cell at 

metaphase and outside the equator at anaphase in cells depleted of -actinin 

(Figure 13a and b). In control cells, more than 90% of the MKLP1 dots were ≤ 

3.6 x 10
-3

 m
2
 in both metaphase and anaphase cells (Figure 13d).  In contrast, 

more than 25% and 32% of the MKLP1 dots were > 3.6 x 10
-3

 m
2
 in cells 

depleted of -actinin at metaphase and anaphase, respectively (Figure 13d) .  

Moreover, in cells depleted of -actinin at anaphase, ~55% of the dots that 

showed > 3.6 x 10
-3

 m
2
 were > 7.2 x 10

-3
 m

2
 (Figure 13c).  A recent study 

demonstrated that centralspindlin formed clusters through Zen-4, an MKLP1 

homolog in nematode (Hutterer et al., 2009).  These results suggest that 

centralspindlin forms larger clusters after cells enter anaphase and that 

clustering may be at least partly involved in the -actinin-mediated 

mechanism. 
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Figure 13: Quantification of the size of MKLP1 dots in early and late 

mitosis. 

 

Quantification of the MKLP1 dots in HeLa cells transfected with control 

scrambled siRNA or siRNA against -actinin at metaphase (a) and anaphase 

(b).  In anaphase cells the MKLP1 dots that were localized outside the 

equatorial region were analyzed.  Scale bar, 10 m.  A graph in (c) shows the 

percentage of the small (3.6 - 7.2 x 10
-3

 m
2
) and the large sizes (>7.2 x 10

-3
 

m
2
) of the MKLP1 dots in HeLa cells transfected with siRNA against -

actinin at metaphase and anaphase. d) graph shows the percentage of total dots 

counted in metaphase and anaphase. Red arrows in (a) and (b) indicate 

representative large MKLP1 dots.   
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3.2.7  Aberrant localization of centralspindlin induced by -actinin 

depletion is dependent on myosin II activity during late mitosis. 

 

Next, I wanted to test if aberrant localization of MKLP1 and microtubule 

organization in cells depleted of -actinin is dependent on myosin II activity 

during late mitosis. To test this, I treated cells depleted of -actinin with 

blebbistatin and imaged using confocal microscopy. I observed, no apparent 

defects in microtubule organization as well as MKLP1 localization were 

detected (0/9; Figure 14a).  However in wild type cells treated with 

blebbistatin and DMSO, MKLP1 failed to accumulate the equatorial cortex 

compared to DMSO treated cells, where MKLP 1 was found on the equatorial 

cortex (Figure 14b, white arrows). This result suggests that aberrant 

localization of centralspindlin induced by -actinin is dependent on myosin II 

activity during late mitosis. 
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Figure 14: Aberrant localization of centralspindlin is dependent on 

myosin II activity in cells depleted of -actinin during late mitosis.   

 

a) Single confocal images of HeLa cells transfected with siRNA against -

actinin that were treated with DMSO or blebbistatin and were then stained for 

microtubules (green), MKLP1 (red) and DNA (blue).  Scale bar, 10 m. b) 

Single confocal images of wild type HeLa cells treated with DMSO or 

blebbistatin and were then stained for microtubules (green), MKLP1 (red) and 

DNA (blue).  Scale bar, 10 m. 
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3.2.8 Depletion of -actinin causes a failure of complete relocation of 

aurora B from chromosomes to midzone microtubules during late mitosis.  

 

Previous studies showed that midzone microtubules are required for midzone 

localization of aurora B (Murata-Hori and Wang, 2002; Fuller et al., 2008).  

Thus, I examined if aurora B localization is affected in cells depleted of -

actinin.  In control cells that were treated with control scrambled siRNA 

(12/12; Figure 15, control), aurora B was localized in the equatorial region.  In 

contrast, in cells depleted of -actinin, a fraction of aurora B remained 

associated with the chromosomes (4/13; Figure 15, -actinin siRNA). This 

result suggests that midzone microtubules are not properly assembled most 

likely due to the lack of non-microtubule-associated centralspindlin that is 

required for their assembly 
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Figure 15:  Aurora B localization in cells depleted of -actinin during 

late mitosis 

Single confocal images of HeLa cells transfected with control scrambled 

siRNA or siRNA against -actinin that were stained for microtubules (green), 

aurora B (red), and DNA (blue).  A fraction of aurora B remained associated 

with chromosomes.  Scale bar, 10 m.  
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Discussion 

 

 

Our previous study suggested that tight regulation of cortical actin mediated 

by -actinin is essential for cytokinesis (Mukhina et al., 2007).  In this study, 

we showed that depletion of -actinin caused accelerated cytokinesis and 

ectopic furrowing, suggesting that -actinin plays important roles in the 

regulation of the speed of cytokinesis and the position of the cleavage furrow. 

 

In this study, I studied how -actinin regulates the position of the cleavage 

furrow by analyzing its roles in the regulation of microtubule 

dynamics/organization. 

 

Roles of astral and midzone microtubules in the cleavage furrow 

positioning in mammalian cells  

 

There is a longstanding paradox in the roles of microtubules in the 

determination of the cleavage furrow position.  Pioneering studies showed that 

astral microtubules are responsible for the cleavage furrow positioning in sea 

urchin embryos (Rappaport, 1961), whereas midzone but not astral 

microtubules are important to determine the furrow position in mammalian 

tissue cultured cells (Cao and Wang, 1996). 

 

Previous studies with C. elegans embryos suggest that both astral and midzone 

microtubules can position the cleavage furrow (Bringmann and Hyman, 2005).  

Our observations suggest that in mammalian cells both astral and midzone 

microtubules are also able to induce furrow ingression when they interact with 



68 
 

centralspindlin.  However, in C. elegans embryo, astral microtubules 

positioned the cleavage furrow in the absence of a kinesin-6 Zen-4 

(Bringmann and Hyman, 2005).  Thus, although both astral and midzone 

microtubules could position the cleavage furrow regardless of cell type, the 

molecular mechanism underlying positioning of the cleavage furrow might be 

cell type-dependent. 

 

My results also suggest that centraspindlin but not PRC1 nor aurora B is a key 

player in the determination of the cleavage furrow positioning.  It has been 

suggested that Aurora B may be a signal for cytokinesis (Murata-Hori et al., 

2002; Hu et al., 2008).  However, aurora B was rarely observed at the tips of 

polar astral microtubules in cells depleted of -actinin (Figure 8).  Although I 

cannot rule out the possibility that undetectable level of aurora B might be 

recruited to them (Murata-Hori and Wang, 2002), the present study suggests 

that centralspindlin, most probably together with the RhoGEF Ect2 (Yüce et 

al., 2005; Zhao and Fang, 2005; Chalamalasetty et al., 2006; Kamijo et al., 

2006; Nishimura and Yonemura, 2006), could be sufficient for induction of 

furrowing likely through regulating Rho pathway (see also below).  

Interestingly, in C. elegans embryos where either of a component of CPC or  

centralspindlin was mutated,  the rate of the constriction of the cleavage 

furrow was similar between these embryos, suggesting that CPC and 

centralspindlin may function in furrow ingression independently (Lewellyn et 

al., 2011).  
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Roles of alpha-actinin in the association of centralspindlin with 

microtubules 

 

I showed that depletion of -actinin caused aberrant recruitment of 

centralspindlin to astral microtubules, making them ‘equatorial’-like 

microtubules (Figure 8a and 12a).  How does depletion of -actinin induce 

association of centralspindlin with astral microtubules?  My results suggest 

that increased cortical contractility throughout the cell by depletion of -

actinin may promote transport of the cytoplasmic pool of centralspindlin 

toward these microtubules. Centralspindlin is known to form clusters and 

clustering significantly contributes to its microtubule bundling activity 

(Mishima et al., 2002).  It was also shown that the clustering contributes to the 

accumulation of centralspindlin to the plus ends of microtubules (Hutterer et 

al., 2009).  My results suggest that centralspindlin forms larger clusters after 

cells enter anaphase and that clustering may be at least partly involved in the 

-actinin-mediated mechanism.  

 

Regulation of the cleavage furrow ingression by midzone microtubules 

 

Cytokinesis was accelerated in cells depleted of -actinin (Mukhina et al., 

2007) where midzone microtubules are not properly formed (Figure 12a and 

b), suggesting that functional midzone microtubules are dispensable for 

cytokinesis when astral microtubules are associated with centralspindlin and 

that midzone microtubules likely control the speed of furrow ingression 

through coordinating microtubule bundling with cortical contractions. A 
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previous study using C.elegans embroyos suggests that reduced microtubule 

density triggers furrow initiation (Dechant and Glotzer, 2003).  A theoretical 

model suggests that a local minimum of microtubule density is important for 

triggering the cleavage furrow formation (Yoshigaki, 1999).  These results 

also suggest that the density of microtubules influences furrow ingression. 

 

Roles of microtubules in inhibition of furrow ingression outside the 

equator 

 

It has been suggested that stabilized microtubules induce furrow ingression 

whereas dynamic astral microtubules inhibit furrow ingression in mammalian 

cells(Canman et al., 2003).  Taxol treated microtubules could induce furrow 

ingression outside the equator (Shannon et al., 2005), indicating that stabilized 

microtubules are able to induce furrow ingression.  In other words, 

maintenance of dynamic state of microtubules is important to inhibit furrow 

ingression. 

 

Inhibition of the activity of a CPC component aurora B caused abnormal 

elongation and bundling of astral microtubules and induced initiation but not 

completion of ectopic furrowing (Miyauchi et al., 2007).  However, a 

centralspindlin component MKLP1 was not detected in these bundled 

microtubules (Miyauchi et al., 2007). Therefore, it is possible that induction of 

ectopic furrowing in cells where aurora B activity was inhibited could be 

induced by the different mechanism from what is seen at the equator in 

cytokinesis in normal cells and ectopic furrow in -actinin depleted cells 
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where the furrowing is completed.  Taxol-treated microtubules, that were not 

associated with CPC, were able to induce the initiation but not completion of 

furrowing outside the equator (Shannon et al., 2005).  These observations 

suggest that inhibition of the stabilization of microtubules is important to 

prevent ectopic furrowing and thus faithful cytokinesis.  It is unclear how 

stabilized microtubules that are not associated with cytokinetic regulators 

induce furrowing.  They may be able to deliver the positive signals to cell 

cortex for furrowing or stimulate cortical contraction by unknown 

mechanisms,   

 

Roles of alpha-actinin in the regulation of the actin cell cortex during 

cytokinesis 

 

Cell cortex interacts with and responds to a range of physical and chemical 

factors.  Cells are known to undergo drastic changes in the physical stiffness in 

a cell cycle-dependent manner (Kunda and Baum, 2009).  At the cell cortex,  

F-actin interacts with actin-crosslinking proteins and forms a gel-like network. 

Overexpression of -actinin increased cortical rigidity during mitosis 

(Mukhina et al., 2007). In cells depleted of α-actinin, I observed the reduction 

in the density of F-actin throughout the cell cortex and the formation of 

ectopic furrows (Figure 5).  This result suggests that maintenance of cortical 

rigidity by -actinin outside the equator may be important to inhibit furrow 

ingression.  

 

Regulation of equatorial microtubules by -actinin during cytokinesis 
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How does -actinin regulate microtubules at the equator during cytokinesis in 

normal condition?  Several studies have revealed that centralspindlin 

accumulates at the tips of microtubules at the cortex of the midzone 

(Nishimura and Yonemura, 2006; D'Avino et al., 2008; Hu et al., 2008).  After 

anaphase onset, -actinin accumulates at the equator in an actin-dependent 

manner (Low et al., 2010).  -actinin is highly dynamic at the equatorial 

region compared to the polar regions (Mukhina et al., 2007).  The difference 

of its dynamics between these regions likely reflects the difference in the F-

actin crosslinking status and thus cortical contractility.  It is possible that 

cortical contractility is higher at the equatorial region than other regions even 

before furrow initiation.  High levels of cortical contractility at the equatorial 

region likely promote recruitment of centralspindlin to microtubules and lead 

to their stable association with the cortex at this region.  This possibility is 

supported by the evidence that MKLP1 was rarely detected at the equatorial 

cortex before furrow initiation when cells were treated with blebbistatin 

(Figures 14).  Stabilized equatorial microtubules activate Rho, leading to 

increased myosin II activity through regulating its downstream effectors 

(Piekny et al., 2005).  Increased myosin II activity would promote release of 

-actinin from the equatorial region (Mukhina et al., 2007;Reichl and 

Robinson, 2007), leading to an increase in cortical contractility and thus 

allowing contraction to proceed.  Increased cortical contractility then promotes 

recruitment of centralspindlin to astral microtubules at the equatorial region, 

creating positive feedback loop in promoting cytokinesis (Figure 16). 
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Our observations suggest that the different F-actin crosslinking status by -

actinin between equatorial and polar regions is critical for the formation of 

different populations of microtubules during cell division.  Such difference is 

likely due to different myosin II activity and/or actin dynamics/organization 

between these regions.  Previous studies have demonstrated that actin is highly 

dynamic at the equatorial region (Pelham and Chang, 2002; Murthy and 

Wadsworth, 2005), suggesting that the dynamic state of actin is important for 

that of -actinin.  Thus, assembly of dynamic F-actin may be crucial not only 

for proper cortical ingression (O'Connell et al., 2001) but for local 

stabilization of microtubules at the equator during cytokinesis. 
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Conclusion 

 

Cytokinesis is a complex process that is regulated by microtubules and actin 

cytoskeleton.  While microtubules are responsible for the determination of the 

cleavage furrow position, F-actin plays an essential role in pinching off the 

cell.   Recent advances in genetics, proteomics, chemical screening, and 

microscope imaging techniques have made significant contributions to 

understanding the molecular mechanism underlying the determination of the 

cleavage furrow position where actin assembles.  However, little is known if 

and how actin regulates microtubules during cytokinesis.  In this thesis, I 

found that an actin cross-linking protein -actinin plays a previously 

unappreciated role in the regulation of mitotic spindle organization and 

microtubule dynamics.  As seen in other cellular processes, my findings 

suggest that microtubules and actin do crosstalk in cytokinesis.  Future 

experiments should address if other microtubule-associated cytokinetic 

components such as Kif4 and Plk1 are regulated by alpha-actinin.      
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Figure 16: Proposed model for the feedback loop mechanism  

 

From my experiments data, I propose that increased myosin II activity would 

promote release of α-actinin from the equatorial region (Mukhina et al., 2007; 

Reichl and Robinson, 2009), leading to an increase in cortical contractility and 

thus allowing contraction to proceed. Increased cortical contractility then 

promotes recruitment of centralspindlin to astral microtubules at the equatorial 

region, creating positive feedback loop in promoting cytokinesis.  
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Future directions: 

 

We have shown that depletion of -actinin cause stabilization of astral 

microtubule even before anaphase onset and also mislocalization of 

cytokinetic regulators to the tips of astral microtubules; however, how -

actinin depletion causes these changes is still not clearly understood. So, in 

future using a combination of micromanipulation combined with advanced 

microscope based technique it will be interesting to study the effect of local 

depletion or inactivation of -actinin on microtubules organization and also of 

cytokinetic regulators as seen in cells depleted of -actinin. This can provide a 

more direct evidence for the role of of -actinin on microtubule organization 

during cytokinesis in mammalian.  

Also, as there is a changes in crosslinking status of F-actin in different region 

of cells during mitosis, it will be interesting to effect of  spatio- temporally 

changes in crosslinking status of F-actin on microtubule organization. To test 

this, combination of advanced microscopy along with micromanipulation 

techniques could be utilized to study the effect of different crosslinking status 

of F-actin on microtubule organization. 

As a-actinin localization changes dramatically from focal adhesion and stress 

fibers in interphase to actin cortex and to the equatorial region during 

cytokinesis, it will be interesting to study the signalling that mediate these 

changes in -actinin localization during different cell cycle stages. To test this, 

I would like to create different -actinin point mutants which are defective in 

post translational including phosphorylation defective mutant and ask how 

these mutants behave during different stages of cell cycle.  
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