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Abstract

Myosin II and actin are two major components of the ingressing cortex during
cytokinesis. However, their structural dynamics and functions during cytokinesis are still
poorly understood. To study the role of myosin II in cortical actin turnover, dividing
normal rat kidney (NRK) cells were treated with blebbistatin, a potent inhibitor of the
non-muscle myosin II ATPase. Blebbistatin caused a strong inhibition of actin filament
turnover and cytokinesis. Local release of blebbistatin at the equator caused inhibition of
cytokinesis, while treatment in the polar region also caused a high frequency of abnormal
cytokinesis, suggesting that myosin II may play a global role. These observations indicate
that myosin IT ATPase is essential for actin turnover and remodeling during cytokinesis.

To further study the mechanism of myosin II and actin recruitment to the cytokinetic
furrow, equatorial cortex were observed with total internal reflection fluorescence
microscope (TIRF-M) coupled with spatial temporal image correlation spectroscopy
(STICS) and a new approach termed temporal differential microscopy (TDM). The
results indicated at least partially independent mechanisms for the early equatorial
recruitment of myosin II and actin filaments. Cortical myosin II showed no detectable
directional flow toward the equator. In addition to de novo equatorial assembly, localized
inhibition of disassembly appeared to contribute to the formation of the equatorial myosin
II band. In contrast, actin filaments underwent a striking, myosin II dependent flux
toward the equator. However, myosin Il was not required for equatorial actin
concentration, suggesting that there was a flux-independent, de novo mechanism.

The study was then extended to retraction fibers found typically on mitotic adherent

cells, to address the hypothesis that they may facilitate post-mitotic spreading. Cells with



retraction fibers showed increased spreading speed in post-mitotic spreading compared to
cells without retraction fibers. In addition, micromanipulation study suggested that
retraction fibers may guide the direction of post-mitotic spreading. Focal adhesion
proteins were present at the tips of retraction fibers, and may act as small nucleators for
focal adhesions reassembly that help cell quickly respread and regrow focal adhesions.
These findings may suggest a general mechanism utilized by adherent cells to facilitate

post-mitotic spreading and reoccupy their previous territory.
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Chapter I - Introduction

Cytokinesis, the last step of cell division that divides the cytoplasm of a mother cell into
two daughter cells, is a fascinating phenomenon to many scientists. The study of
cytokinesis began in the very early era of cell biology, yet many mysteries remain
unanswered. The whole process of cytokinesis can be arbitrarily divided into four
sequential steps. First, following chromosome segregation, the cell specifies the future
site of cytokinetic ingression. Second, a cleavage furrow and a band of cortical acto-
myosin structure forms at the specified ingression site, also referred to as contractile ring
assembly. This is followed by the third step, the continuous ingression of the furrow that
divides mother cell into two daughter cells. The two daughter cells however remain
connected by a thin strand of membrane and cytoplasm, called midbody. The final step,
abscission, may take several hours to finish. There does not appear to be clear-cut gaps
between these steps. For example, ingression of the furrow may take place before the
assembly of contractile ring ends.

During the last two decades, the cytokinesis field has seen an explosion of interest
and rapid acquisition of knowledge. The current status of cytokinesis research has been
expertly reviewed by many scientists (McCollum, 2004; Burgess and Chang, 2005;
Matsumura, 2005; Piekny et al., 2005; Wang, 2005; Wolfe and Gould, 2005; Eggert et al.,
2006; Barr and Gruneberg, 2007). In this introduction chapter, I will first describe our
current knowledge of cytokinesis, mainly focusing on the mechanisms of positioning of
the division site, the assembly of the equatorial cortex, and ingression of the equatorial

cortex, subjects closely related to my thesis research. At the end of the introduction



chapter, I will also discuss our current understanding of post-mitotic spreading in relation

to retraction fibers, which is related to the third part of my thesis research.

Specification of cleavage plane by microtubules

While most cell types divide near the middle, partitioning the cytoplasm equally into
two daughter cells, there are exceptions such as asymmetrical division during embryonic
development. Specification of the cleavage plane appears to be finely controlled,
ensuring that each daughter cell receive a single copy of the genome. How a cell chooses
its future division site is the first important question facing scientists.

Early studies of cytokinesis are marked by a series of elegant, insightful experiments
to address this question. It is known that the mitotic spindle positions the future division
site and microtubules play a key role. However, which parts of the mitotic spindle are
involved and how they specify the cleavage plane are still unclear (Rappaport, 1996).

Microtubules of the mitotic spindle can be classified into four categories according
to their relative location during anaphase (Burgess and Chang, 2005). The spindle
midzone or central spindle refers to the structure that forms in the center of the spindle
and consists of overlapping antiparallel microtubules. Kinetochore microtubules are the
microtubules emanating from centrosomes that attach to the chromosomes at
kinetochores. Astral microtubules are microtubules outside these regions, extending from
spindle poles toward the cortex. According to where they touch the cortex, they can be
further categorized as polar astral microtubules and equatorial astral microtubules.

The first question to discuss is which set of microtubules is able to induce furrow

formation. Early studies conducted by Rappaport in echinoderm eggs suggested that



overlapping astral microtubules may induce furrow formation at sites without
chromosomes and spindle midzone (Rappaport, 1961); the ectopic furrow is well known
as the “Rappaport furrow”. This idea is supported by micromanipulation experiments,
which show that physically removing chromosomes or spindle midzone does not inhibit
furrow initiation (Hiramoto, 1971). However, later studies suggest that astral
microtubules may not be essential for furrow positioning, and that the spindle midzone
plays a more important role (Cao and Wang, 1996; Wheatley and Wang, 1996;
Bonaccorsi et al., 1998; Basto et al., 2006). This apparent discrepancy is speculated to be
related to the different sizes of organisms under study. For example, in embryo cells,
astral microtubules may play a major role because the spindle midzone is too far from the
cell cortex due to the large size of the cell. In contrast, in smaller cells like cultured
somatic cells, spindle midzone may play a bigger role due to the proximity of the cortex.
A recent reinvestigation of this old question, however, points to a new model suggesting
that normal furrowing requires inputs from both the astral microtubules and spindle
midzone. These signals are temporally distinct and work consecutively to initiate and
enforce furrow formation (Bringmann and Hyman, 2005). Thus, it is likely that most cells
receive signals from both astral and midzone microtubules to initiate and complete
furrowing, and that the previous discrepancies may originate from the observations of
extreme circumstances.

The second question concerns the nature of the signals transmitted to the cortex by
the microtubules and how microtubules transmit the signals. Is it a stimulating signal or
inhibitory signal? Is the signal triggered by microtubule bundling, microtubule density or

microtubule dynamics? These questions have been discussed since the early theories of



cytokinesis. The equatorial stimulation model proposes that a positive signal is imparted
to the equatorial cortex by microtubules for the formation of cleavage furrow. In contrast,
the polar relaxation model states that a negative signal is transmitted to the polar cortex to
inhibit cortical tension in the pole region, which results in a net increase of cortical
tension in the equatorial region. Experiments conducted by Rappaport argue against the
polar relaxation model (Rappaport, 1996). For example, by manipulating the cells he
demonstrates that cells can form a furrow without astral microtubules touching the polar
cortex (Rappaport, 1960, 1968). The polar relaxation model is supported by mathematical
modeling and observations that microtubules appear to inhibit the contractile activity of
cell cortex (White and Borisy, 1983; Severson and Bowerman, 2003). In cells with
shortened or disrupted microtubules, the cortex appears to be more contractile and forms
pseudo-furrows (Severson and Bowerman, 2003). The polar relaxation model was also
used to explain the assembly of cytoskeletal components along the furrow (White and
Borisy, 1983). Although the discovery of an increasing number of molecules
accumulating in the equatorial region (discussed later), in contrast to the poorly defined
nature of the negative signals imparted to polar cortex, appears to favor overwhelmingly
the equatorial stimulation model over polar relaxation model, these two models may not
be mutually exclusive. It is hard to imagine a cell undergo such a dramatic morphological
change during cytokinesis without remodeling the polar cortical structure and cortical
tension. The observation of increased blebbing activities on the polar cortex during
anaphase may suggest an increase of pressure inside the cell, and the polar cortex may
respond to this pressure by weakening the cortical tension to facilitate the furrowing

activities in the equatorial region. Cytokinesis could be a complicated process that



requires reorganization of cortical structure and tension both in the equatorial and polar
region.

How do microtubules direct the signals to the cortex? There are numerous relevant
observations and speculations. Overlapping of astral microtubules was thought to be a
requisite as suggested by the Rappaport furrow. However, monoastral microtubules were
shown to be able to induce furrow formation without overlapping microtubules (Canman
et al., 2003). A regulatory mechanism involving different microtubule density in the
equatorial and polar region seems also to lack solid evidence. Similarly, microtubule
dynamics were proved to be nonessential for furrow initiation (Shannon et al., 2005;
Strickland et al., 2005). It appears none of these properties of microtubule are strictly
required for transmitting the signal to the cortex. More likely, it is some molecules
associated with microtubules, not the microtubule itself, which determine the ability to
transmit signals.

In summary, both spindle midzone and astral microtubules are able to deliver signals
to the equatorial region. In most cell types, they may work together to initiate and
complete furrowing. Their relative importance in furrow positioning may be related to
cell types or cell sizes. Whether the nature of the signals they transmitted is similar or

distinct is still unclear.

Molecular mechanism in cleavage furrow formation in cytokinesis
Over a hundred molecules have been found to localize in the equatorial region, but
little is known about the function of most of them. The small GTPase Rho is believed to

be heavily involved in cleavage furrow formation (Piekny et al., 2005). Experiments



inhibiting Rho activity through C3 transferase treatment or depletion of RhoA disrupt
cortical contractility or furrow formation, suggesting that Rho activity is required for
cytokinesis (Kishi et al., 1993; Mabuchi et al., 1993; Drechsel et al., 1997; O'Connell et
al., 1999; Prokopenko et al., 1999; Tatsumoto et al., 1999; Jantsch-Plunger et al., 2000;
Yuce et al., 2005). The known effectors of RhoA include Rho-dependent kinase (ROCK),
Citron kinase and members of the formin family. ROCK is able to phosphorylate
regulatory myosin light chain (rMLC) on Ser19 both in vitro and in vivo (Amano et al.,
1996; Kosako et al., 2000; Piekny and Mains, 2002; Royou et al., 2002). ROCK also
increases myosin phosphorylation through inhibiting myosin phosphatase (Kimura et al.,
1996). Phosphorylation of rMLC on Ser19 leads to increased myosin assembly and
contractility. Inhibition of ROCK activity by ROCK inhibitors or genetic depletions
causes delay in furrow ingression, suggesting that ROCK is required for cytokinesis
(Madaule et al., 1998; Kosako et al., 2000). However ROCK is not the only kinase able
to phosphorylate rMLC and regulate myosin contractility during cytokinesis. Citron
kinase, another effector of RhoA, is also able to phosphorylate rMLC at Ser19 and Thr18
(Yamashiro et al., 2003). However, citron kinase seems to act at the late stage of
cytokinesis, and depletion of citron kinase causes furrow regression (Echard et al., 2004;
Naim et al., 2004). Formin, another important effector of RhoA, is involved in actin
polymerization during cytokinesis (Goode and Eck, 2007). Activated RhoA binds formin,
relieves the autoinhibition of formin and promotes actin polymerization (Watanabe et al.,
1999; Alberts, 2001). By regulating both myosin and actin polymerization, RhoA

potentially regulates actomyosin ring assembly and its contractility during cytokinesis.



How is RhoA activity regulated during cytokinesis? Rho activity is generally
regulated by GEF (GDP-GTP exchange factor) that promotes GTP binding, and GAP
(GTPase activating factor) that promotes GTP hydrolysis. The RhoGEF ECT?2 is an
upstream activator of RhoA (Prokopenko et al., 1999; Glotzer, 2005). RhoA activity
appears to be spatially and temporally regulated during cytokinesis. Active RhoA
concentrates on the equatorial cortex before furrow ingression and its localization appears
to depend on microtubules (Bement et al., 2005). At late stage of furrowing, RhoA
activity is reported to be turned off by a RhoGAP, CYK4/MgcRacGAP (Jantsch-Plunger
et al., 2000; Minoshima et al., 2003). It is less clear how microtubules deliver the signals
and confine the RhoA activation to a narrow zone at the site of future furrow formation.
One possibility is transportation of signals along microtubules through motors, such as
kinesin.

Other proteins involved in cleavage furrow formation include chromosome
passenger complex (CPC) proteins, which are composed of Aurora B kinase and three
non-enzymatic subunits, the inner centromere protein (INCENP), survivin and borealin.
The CPC proteins got their name because of their very dynamic localization during
mitosis. They first localize at the inner centromeric chromatin during prometaphase, then
relocalize to the midzone microtubules and sub-equatorial cortex at the anaphase onset,
and finally concentrate in the midbody toward the end of cytokinesis. The CPC proteins
have various important functions in mitosis, including regulation of kinetochore
attachment and chromosome segregation, and controlling the spindle checkpoint, mitotic
chromosome structure and spindle formation (Andrews et al., 2003; Vader et al., 2006;

Ruchaud et al., 2007). In addition, the CPC proteins are also involved in cytokinesis.



They associate with the antiparallel microtubules in the midzone and equatorial cortex of
the future division site before the formation of cleavage furrow, consistent with a role in
cleavage site specification (Earnshaw and Cooke, 1991; Eckley et al., 1997). Perturbation
of the activities of CPC proteins also leads to various defects in cytokinesis (Ruchaud et
al., 2007). However, because of the multiple roles of CPC proteins in both mitosis and
cytokinesis, it is difficult to dissect the specific role of CPC proteins involved in
cytokinesis. The localization of CPC proteins appears to be regulated by Cdk1 and Cdc14
phosphatases (Pereira and Schiebel, 2003; Gruneberg et al., 2004). There are two known
Aurora B substrates in cytokinesis, the MgcRacGAP and the kinesin MKLP/Zen4
(Minoshima et al., 2003; Guse et al., 2005). Aurora B mediated phosphorylation of
MgcRacGAP/CYK-4 appears to be required for the completion of cytokinesis
(Minoshima et al., 2003). In addition, Aurora B can phosphorylate the MKLP1
homologue Zen4 in C.elegans, while non-phosphorylable Zen4 mutants have defects in
the completion of cytokinesis (Piekny et al., 2005). These two substrates form a complex
termed centralspindlin, which is important for spindle assembly and cytokinesis (Piekny
et al., 2005). However, additional substrates of Aurora B remain to be discovered, and
the connection between CPC proteins and activation of RhoA pathway remain to be
further elucidated. Another important kinase involved in cytokinesis is polo-like kinase 1
(Plk1). It has been recently demonstrated that Plk1 activity is required for the recruitment
of RhoA GTP exchange factor ECT2 to the central spindle, while inhibition of Plk1 leads
to disruption of RhoA localization and cleavage furrow formation (Burkard et al., 2007,

Lowery et al., 2007; Petronczki et al., 2007; Ruchaud et al., 2007).



Compared with the elusive nature of astral microtubules, the molecular mechanism
involved in spindle midzone assembly is better understood. The formation of spindle
midzone requires the function of bundling protein such as PRC1, and kinesins such as
MKLP1 (Glotzer, 2003). PRC1 bundles microtubules in vitro and in vivo, and appears to
be regulated by Cdk1 activity (Mollinari et al., 2002). MKLP1 is a plus-end-directed
motor protein that cross-links microtubules (Nislow et al., 1992), possibly under the
regulation of Cdk1 (Mishima et al., 2004). Cdk1 phosphorylation appears to negatively
regulate both the bundling activity of PRC1 (Jiang et al., 1998; Mollinari et al., 2002)
and motor activity of MKLP1 (Gruneberg et al., 2004). Loss of function of PRC1 and
MKLP1 results in the disruption of spindle midzone assembly (Mollinari et al., 2005).
Another factor involved in spindle midzone assembly is centralspindlin that consists of a
Rho family GAP, CYK-4/MgcRacGAP and the kinesin ZEN-4/MKLP1 (Glotzer, 2003),
which colocalize with CPC proteins including Aurora B at the spindle midzone. ZEN-
4/MKLP1 and CYK-4/MgcRacGAP are both known substrates for Aurora B, and Aurora
B mediated phosphorylation of centralspindlin complex appears to be required for the
completion of cytokinesis. Interactions among these players are likely to be complex and

remain to be further elucidated.

Assembly of the equatorial cortex — the contractile ring hypothesis

It is known that actin, myosin and other proteins accumulate at the equatorial region
during cytokinesis (Satterwhite and Pollard, 1992). The classical model of cytokinesis is
often referred as the contractile ring hypothesis where actin and myosin II filaments

assemble into contractile bundles around the equatorial cortex like a ring structure.



Sliding of anti-parallel actin filaments, powered by the motor activity of myosin, shortens
the actin filament bundles and leads to the contraction of the ring (Schroeder, 1972).
While this model is very comprehensible in a way that is similar to the contraction of
muscle myofibrils, there is still no direct evidence and the exact structure of the
actomyosin filaments is still a mystery. As reviewed by Mitchison, there are several
possible alignments of actomyosin filaments in the equatorial region other than the
“purse-string” model (Eggert et al., 2006). For example, actin filaments could connect the
dorsal part of the furrow to the ventral surface, as suggested by some structural studies
(Fishkind and Wang, 1993). In this way, the contractile force is directed inward. Other
observations of fluorescently-labeled actin filaments suggest a different organization of
actin filaments, as they align parallel to the cortex in the longitudinal direction (DeBiasio
etal., 1996; Oegema et al., 2000; Dean et al., 2005), which produces no inward force. It
is also possible that actomyosin filaments could be poorly organized or organized as a
mixture of the configurations mentioned above, while still capable of generating forces
(Eggert et al., 2006). A recent study in yeast cells revealed a more detailed picture of the
actomyosin alignments (Kamasaki et al., 2007). Further investigation of the structure in
mammalian cells is needed and will help to explain the mechanism of force generation.
Despite the lack of information about the three-dimensional structure of actomyosin
ring, there are more studies of the equatorial assembly of actin and myosin. One question
is how myosin and actin accumulate in the equatorial region. The recruitment of actin in
the equatorial region could involve direct nucleation in the furrow or transport from
elsewhere to the furrow. The transportation hypothesis is favored by the cortical flow

model, as supported by imaging actin filament using a combination of fluorescence



labeling and micromanipulation (White and Borisy, 1983; Cao and Wang, 1990a). Direct
observation of the flow of actin filaments to the equatorial region further supports this
hypothesis (Cao and Wang, 1990a; Hird and White, 1993; Murthy and Wadsworth, 2005).
Cortical flow is an interesting phenomenon that involved in various biological functions
such as wound closure, migration and cytokinesis. It can be visualized as the movement
of small beads attached to the membrane and sub-membrane cortical structures (Wang et
al., 1994). However, the underlying mechanism of cortical flow remains to be further
elucidated.

The actin de novo assembly hypothesis is supported by probing the roles of formins
and Arp2/3. Formins are a group of proteins that promote rapid assembly of actin
filaments (Goode and Eck, 2007). Unlike Arp2/3, formins are believed to nucleate linear
unbranched actin filaments such as stress fibers. The common feature of all formin
proteins is a FH2 domain that mediates the assembly of actin filaments. There are
multiple formin genes in eukaryotic species. Mammals have 15 formin genes (Goode and
Eck, 2007), among which the most studied are diaphanous-related formins (DRF). The C-
terminal half of DRF is the actin assembly domain, and the N-terminal half is the
regulatory domain that mediates the intramolecular interactions with the C terminus to
maintain the formins in an autoinhibited state (Goode and Eck, 2007). This autoinhibited
state is released by association with activated Rho proteins (Watanabe et al., 1999;
Alberts, 2001). During cytokinesis, active RhoA localizes to the equatorial regions and
functions as a potential regulator to promote actin assembly through formin activation. In
addition, the role of formins in cytokinetic furrow assembly is supported by several lines

of evidence (Castrillon and Wasserman, 1994; Chang et al., 1997; Imamura et al., 1997,



Severson et al., 2002; Tolliday et al., 2002; Ingouff et al., 2005). Perturbation of formin
function leads to defects in furrow assembly and cytokinesis failure (Castrillon and
Wasserman, 1994; Severson et al., 2002). However, the exact role of formins in
cytokinesis needs further clarification, for example, whether they act exclusively in the
equatorial region, or nucleate actin elsewhere followed by transport to the equator. The
Arp2/3 complex is a different set of actin nucleator that generates new actin filaments as
branches on existing actin filaments, such as the actin network in the lamellipodium of a
migrating cell. It is thought that Arp2/3 complex is not essential for cytokinesis in many
species (Hudson and Cooley, 2002; Pelham and Chang, 2002; Severson et al., 2002;
Tolliday et al., 2002). However, in the absence of formin function, S.pombe Arp2/3
becomes essential for contractile ring formation, suggesting that Arp2/3 plays at least an
indirect role (Pelham and Chang, 2002). In summary, the actin transportation hypothesis
and de novo assembly hypothesis are likely non-mutually exclusive as evidence for both
are quite strong. Future investigations are required to determine their relative
contributions to actin ring assembly and the associated regulatory mechanism.
Nonmuscle myosin II is another major component of the contractile ring. Myosin II
is a hexamer composed of two heavy chains, two essential light chains and two
regulatory light chains. Each heavy chain has a globular head domain that contains the
actin and ATP binding site, and an a-helical coiled coil domain (the rod) that is
responsible for self assembly. The essential and regulatory light chains bind to the head
domain and regulate both the motor activity and self assembly (Scholey et al., 1980;
Bresnick, 1999). There are at least three myosin II homologues in vertebrate cells,

myosin ITA, 1IB and IIC (Simons et al., 1991; Phillips et al., 1995; Golomb et al., 2004),



among which myosin IIA and IIB are well studied and both localize in the cytokinesis
furrow. They appear to have redundant functions, as knock-out either one of them causes
no obvious cytokinesis failure (Takeda et al., 2003; Conti et al., 2004). However, they
may have different emphases in cellular functions as suggested by their differential
localizations and loss-of-function phenotypes in interphase cells (Maupin et al., 1994;
Kolega, 1998; Even-Ram et al., 2007). The motor activity and filament assembly of
myosin II are regulated by phosphorylation of rMLC at Ser19/Thr18 (Moussavi et al.,
1993). The major phosphorylation site is Ser19, while di-phosphorylation at both Ser19
and Thr18 further promotes filament assembly (Ikebe et al., 1988). A recent study in sea
urchin eggs shows that mono-phosphorylated rMLC is concentrated in the equaotrial
region before cleavage of the furrow and throughout the whole process of cytokinesis,
while di-phosphorylated rMLC is detected only after cleavage of the furrow and is much
less in quantity than mono-phosphorylated rMLC, suggesting that mono-phosphorylated
rMLC is the main active form of myosin in cytokinesis (Uehara et al., 2008). Multiple
evidence suggest that myosin regulatory light chain phosphorylation is crucial for
actomyosin ring assembly and furrow contraction (Jordan and Karess, 1997; Komatsu et
al., 2000). At least three kinases capable of phosphorylating rMLC, ROCK, myosin light
chain kinase (MLCK) and citron kinase , are known to localize in the cytokinetic
furrow(Madaule et al., 1998; Kosako et al., 2000; Chew et al., 2002). The function of
ROCK and citron kinase are regulated by RhoA pathway as discussed in previous
sections. MLCK is regulated differently by Ca2+/calmodulin (Gallagher et al., 1991).
Florescence resonance energy transfer (FRET) study indicates that MLCK is activated at

the equator immediately before the contraction of the cleavage furrow (Chew et al.,



2002), while inhibition of MLCK activity by ML-7 relaxes furrow contraction (Murthy
and Wadsworth, 2005), suggesting that MLCK regulates myosin contractility in
cytokinesis. The role of MLCK and ROCK in rMLC phosphorylation needs further
investigation as new observations surface. In compressed sea urchin eggs it is reported
that MLCK is required for the initiation of a global myosin II based contractility during
metaphase-anaphase transition and the subsequent cytokinesis, while ROCK is not
required for the prefurrow contractility but is required for the furrowing because H1152,
a ROCK inhibitor, inhibits furrowing (Lucero et al., 2006). Another study in sea urchin
eggs confirms the role of MLCK as inhibition of MLCK decreases rMLC mono-
phosphorylation and blocks contractile ring formation. However, it is found that ROCK is
not involved in rMLC phosphorylation because Y27632, a ROCK inhibitor, has no effect
in rMLC mono-phosphorylation and cell division (Uehara et al., 2008). The discrepancy
may be due to the different chemicals used to inhibit ROCK. rMLC phosphorylation is
also regulated by myosin phosphatase, MYPT1, that appears to function in cytokinesis in
C.elegans (Piekny and Mains, 2002). In addition to its role in regulating myosin
phosphorylation, MYPT1 may decrease phosphorylation of polo-like kinase 1 (PLK1) at
its activating site, thus antagonizing PLK1 activity (Yamashiro et al., 2008).The motor
activity of myosin II is not required for its recruitment to the cytokinetic furrow, as
suggested by experiments using truncated myosin proteins or drugs that inhibit its motor
activity (Zang and Spudich, 1998; Straight et al., 2003; Guha et al., 2005). As for actin,
these results raise the question whether myosin II is recruited to the cytokinetic furrow by
cortical flow, de novo self-assembly or association with equatorial cortex mediated by

other molecules. Recent evidence suggest that myosin II recruitment and its maintenance



of localization may involve multiple pathways that require rMLC phosphorylation, actin
assembly and some proteins localized to the furrow such as anillin (Dean et al., 2005). It
is worth noting that in fission yeast the mechanism of myosin II recruitment may be
different from that in mammalian cells, as myosin II is present in the medial plate as
precursor dot-like structures before the assembly of actomyosin ring (Feierbach and
Chang, 2001; Hou and McCollum, 2002).

The assembly of equatorial cortex involves not only actin and myosin II assembly,
but also many other proteins that help to regulate and maintain this contractile structure.
For example, septins are filament-forming GTPases that assemble into two rings on either
side of the contractile ring and may help to restrict the position of the contractile ring
(Dobbelaere and Barral, 2004), anillin is thought to help stabilize the contractile ring and
restrict the spreading of the cleavage furrow (Oegema et al., 2000; Straight et al., 2005),
while a-actinin is an actin cross-link protein involved in regulating contractile ring

dynamics (Mukhina et al., 2007).

Ingression of equatorial cortex in cytokinesis

The mechanical mechanism of cortical ingression in early cytokinesis is still under
debate (Wang, 2005). The classic “purse-string” model argues that the tightening of the
purse-string causes the equatorial cortex to ingress. This mechanical model is supported
by the increase in equatorial cortical rigidity during ingression (Rappaport, 1996; Matzke
et al., 2001), and by the presence of inward forces (Rappaport, 1967). However, these
experiments are far from conclusive and could be explained in alternative ways (Wang,

2005). Several lines of evidence point to a more complex picture of force distribution on



the cortex and potential alternative mechanisms of cortical ingression during cytokinesis.
Micromanipulation and local drug treatment studies conducted indicated that local release
of cytochalasin D (an actin disrupting agent) near the equator not only fails to inhibit
cytokinesis but appears to increase the rate of ingression. To the contrary, release of
cytochalasin D near the polar cortex inhibits cytokinesis (O'Connell et al., 2001). These
results suggest that cortical integrity is regulated over a wide area for cytokinesis, and
that weakening of the equatorial cortex may facilitate ingression (Wang, 2005). Traction
forces exerted by two daughter cells trying to migrate away from each other during late
cytokinesis may be an alternative mechanism specific for migrant and adhesive cells
(Wang, 2005). This model is supported by the observation that adherent mammalian cells
are able to ingress in the middle without actomyosin concentration in the furrow after the
inhibition of RhoA by C3 (O'Connell et al., 1999). In addition, myosin-null
Dictyostelium are able to cleave on adhesive substrates but not in suspension, suggesting
ingression in such circumstance may be traction driven (Gerisch and Weber, 2000; Uyeda
and Nagasaki, 2004). To reconcile these observations, Wang proposes several alternative
mechanisms including cortical sinking mechanism, cortical ripping mechanism, polar
relaxation and polar expansion-equatorial compression mechanism and global
contraction-equatorial deformation mechanism (Wang, 2005). New experiments need to
be designed to address these possibilities.

Ingression of the equatorial cortex appears to be powered by the myosin II motor
activity, as inhibition of myosin II contractility by Y-27632 (ROCK inhibitor) and ML-7
(MLCK inhibitor) both slows down furrow ingression (Kosako et al., 2000; Murthy and

Wadsworth, 2005; Zhou and Wang, 2008). Treatment with blebbistatin, a myosin



20

ATPase inhibitor, causes further, complete inhibition of furrow ingression (Straight et al.,
2003). However, the exact working location of myosin II needs further clarification, as
localized release of blebbistatin near the polar cortex causes abnormality in cytokinesis
while the release near the equator causes inhibition of cytokinesis (Guha et al., 2005),
suggesting that myosin may play a role throughout the cortex.

The equatorial cortex undergoes not only contraction but also constant structure
disassembly during ingression, as suggested decades ago by structural analysis showing
that the thickness of the cortex remains constant during ingression despite the decrease in
equatorial radius (Schroeder, 1972). Studies using FRAP analysis further suggested that
the actin cortical structure is very dynamic during cytokinesis, undergoing constant
assembly and disassembly (Pelham and Chang, 2002; Guha et al., 2005; Murthy and
Wadsworth, 2005). The actin binding protein cofillin is believed to disassemble actin
filaments during cytokinesis (Gunsalus et al., 1995). Recent studies further indicate that
myosin [T ATPase activity is also required for cortical actin turnover and actin
disassembly during furrow ingression (Guha et al., 2005; Murthy and Wadsworth, 2005),

as suggested by the decrease of actin turnover rate after blebbistatin treatment.

Mitotic rounding and post-mitotic spreading

During mitosis, animal cells undergo drastic morphological changes, from an
interphase spread cell shape to a rounded shape. It is assumed that this morphological
transition is important for cell division. Theoretically, a rounded symmetrical cell shape
would help create more space along the vertical dimension for mitotic spindle assembly

and allow efficient partitioning of the cytoplasm between the two daughter cells. It is
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reasonable to speculate that the disassembly of cytoskeletal structures such as stress
fibers will create a more favorable environment for microtubules to catch, align, and
separate chromosomes, and for the contractile cortex to bisect a cell into two. However,
the mechanism of mitotic rounding and post-mitotic spreading is still poorly understood
and many questions remain to be answered. For example, what are the driving and
regulatory mechanisms, and how important are they in relation to other events in mitosis
and cytokinesis? It is possible that the same mechanism may regulate both mitotic
rounding and post-mitotic spreading but in opposite directions.

Mitotic rounding involves disassembly of interphase cytoskeletal structures such as
focal adhesions and stress fibers, which causes the cell edge to retract and detach from
the substrate. A few studies found that some focal adhesion proteins including paxillin
and focal adhesion kinase (FAK) are specifically phosphorylated during mitosis
(Yamaguchi et al., 1997; Yamakita et al., 1999). The phosphorylation of FAK uncouples
signal transduction pathways mediated by integrin, CAS and c-Src, and may maintain
FAK in an inactive state until post-mitotic spreading (Yamakita et al., 1999).
Phosphorylation of paxillin and degradation of paxillin proteins are also observed in
mitosis (Yamaguchi et al., 1997). Rho and Rac GTPase activities may also be regulated,
to reduce ruffling activities and stress fiber formation.

It is possible that Cdk1 activity may be responsible for phosphorylating FAK and
other cortical proteins to cause cell rounding. The time course of cell rounding appears to
correlate with the increase of Cdk1 activity. Careful observations indicated that cells first
stop ruffling and show slight retractions at the edge when the nucleus shows signs of

chromosome condensation. At this stage, most of the Cdk1 activity is known to



concentrate in the nucleus. However, the rounding process greatly accelerates
immediately after nuclear membrane break down, when the Cdk1 activity spreads to the
cytoplasm (unpublished). However, it remains to be determined whether Cdk]1 is the sole
kinase that drives the cytoskeletal reorganization.

It is speculated that myosin II may be the motor that drives the rounding process.
However, inhibition of myosin II motor activity does not inhibit cell rounding, though
cells do show a slower rate of rounding and incomplete retraction of the cell edge (Guha
et al., 2005). Myosin II also appears to help disassemble adhesion structures. In addition,
myosin II appears to help coordinate the rounding process with mitosis and maintain an
adequate cortical tension, as suggested by the observation that cells continue to shrink
during anaphase upon the inhibition of myosin II, while control cells reach maximal
rounding in metaphase and start to expand in anaphase (Guha et al., 2005). A recent
study also pointed out that myosin II is not the major player in mitotic rounding. Instead,
a cross-linking protein moesin appears to be responsible for the reorganization of cortical
structure in mitosis (Kunda et al., 2008). It further suggested that cortical structures can
provide cues to mitotic spindle assembly. Interesting, it is the stiffness of the cortex,
rather than the cell shape, that seems to affect mitotic spindle assembly (Kunda et al.,
2008).

Post-mitotic spreading involves reformation of interphase cytoskeletal structure.
Cells with inhibited myosin II motor activity are still able to generate large
lamellipodium during post-mitotic spreading, suggesting that myosin II is not required
(Guha et al., 2005). This finding is consistent with the interphase phenotype of myosin II

knock-down cells (Even-Ram et al., 2007). What initiates post-mitotic spreading remains
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unclear. Manipulation of Cdk1 activity by drug treatment appears to be enough to induce
mitotic rounding and post-mitotic spreading (Potapova et al., 2006). However, further
evidence is needed to confirm the role of Cdkl.

An interesting phenomenon in mitotic rounding is the retraction fiber structure left
on the substrate by mitotic cells. These retraction fibers have also been observed in some
migrating cells and are believed to help rear retraction, although their exact function in
cell migration is unclear (Chen, 1981; Lauffenburger and Horwitz, 1996; Kirfel et al.,
2003; Wolfet al., 2003). Integrins and some focal adhesion proteins are reported to be
present in these retraction fibers (Kirfel et al., 2003). The relationship of the retraction
fibers to those in post-mitotic spreading and their function in post-mitotic spreading

remain poorly understood.
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Chapter Il - Myosin 11 is Required for Cortical Actin Turnover during
Cytokinesis

Abstract

The involvement of myosin II in cytokinesis has been demonstrated with microinjection,
genetic, and pharmacological approaches, however the exact role of myosin II in cell
division remains poorly understood. To address this question, dividing normal rat kidney
(NRK) cells were treated with blebbistatin, a potent inhibitor of the non-muscle myosin II
ATPase. Blebbistatin caused a strong inhibition of cytokinesis but no detectable effect on
the equatorial localization of actin or myosin. However, while these filaments dissociated
from the equator in control cells during late cytokinesis, they persisted in blebbistatin-
treated cells over an extended period of time. The accumulation of equatorial actin was
caused by the inhibition of actin filament turnover, as suggested by a 2-fold increase in
recovery halftime after fluorescence photobleaching. Local release of blebbistatin at the
equator caused localized accumulation of equatorial actin and inhibition of cytokinesis,
consistent with the function of myosin II along the furrow. Treatment of polar region also
caused a high frequency of abnormal cytokinesis, suggesting that myosin II may play a
second, global role. These observations indicate that myosin II ATPase is not required for
the assembly of equatorial cortex during cytokinesis, but is essential for its subsequent

turnover and remodeling.



Results and Discussion
Myosin Il is partially involved in mitotic cell rounding

As was reported previously, blebbistatin s-(-) at 100 uM caused complete
inhibition of cytokinesis (Straight et al., 2003). Furthermore, the s-(+) control isomer had
no effect on cytokinesis or actin organization (not shown). Under my experimental
conditions there was no detectable effect of blebbistatin on mitosis, and all observed
mitotic cells entered anaphase onset without a noticeable delay. Immunofluorescence of
microtubules also showed a normal organization (not shown). However, furrow
ingression failed within 3-4 minutes of exposure of anaphase cells to blebbistatin,
indicating that the drug was quick to enter the cell and to inhibit the myosin II ATPase. In
addition, recovery occurred within 15 minutes of the replacement of medium, indicating
that the drug dissociated readily from the binding sites. The reversibility allowed
applications of the compound both globally and locally (described later), for probing the
function of myosin II in various regions.

Morphological effects of globally applied blebbistatin on dividing cells were
observed as early as prometaphase, when normal cells underwent striking retraction and
rounding, Blebbistatin-treated cells showed persistent, disorganized retractions and
ingressions, generating multiple processes and a highly irregular cell shape (Figure 2.1A,
Supplemental video 2.1). The irregular morphology was similar to what was found with
the Rho inhibitor C3, which inhibits myosin II indirectly through deactivation of the Rho-
dependent kinase (O'Connell et al., 1999). However, cells treated with C3 failed to form

concentrated band of actin and myosin along the equator as discussed below.

25



Figure 2.1 Impaired mitotic retraction of NRK cells in the presence of blebbistatin.
Blebbistatin was applied to a culture dish for 20 minutes and a field containing mitotic
cells was identified for time-lapse recording. A mitotic cell (A, arrowhead) shows a
highly irregular shape and several strands of cytoplasm that failed to retract (A, arrows).
However, chromosomal separation appears unaffected for all the mitotic cells in this field
(see Supplemental Video 2.1). Bar, 40 pm. Quantitative analysis, by measuring the
percentage decrease in cell area relative to the corresponding cell area at prophase for 5
control cells and 6 blebbistatin treated cells, indicates that blebbistatin induces a delay in
rounding (B; PR, prophase; PM, prometaphase; M, metaphase, A, anaphase). Error bars
indicate S.E.M. Retraction of treated cells continues well after anaphase onset and
reaches a similar average extent as do control cells at a later time point.
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Quantitative analysis of the spreading area indicated a decrease in the rate of mitotic
retraction that lasted well beyond anaphase onset, while control cells reached maximal
rounding by metaphase (Figure 2.1B). However, most blebbistatin-treated cells
eventually reached a similar extent of rounding as did control cells (Figure 2.1B),
suggesting that myosin II motor activity is involved in mitotic rounding but does not
exclusively account for the activity. Unlike cells treated with butadione monoxime
(Cramer and Mitchison, 1995), blebbistatin-treated cells showed no apparent inhibition of

the postmitotic respreading process (Supplemental video 2.1).

Myosin Il ATPase activity is not required for equatorial actin and myosin 1l
assembly during early cytokinesis

Cells treated with 100 uM blebbistatin were first stained for actin filaments and
myosin II. Equatorial actin assembly during early anaphase appeared uninhibited by
blebbistatin (Figure 2.2A), as indicated by the organization of actin filaments and the
normal extent of actin localization along the equator of treated and control cells (Figure
2.2A-C). Myosin II showed a similar equatorial concentration in the presence of
blebbistatin as in control cells (Figure 2.2A and B).

The above observations suggest that myosin does not rely on its own motor
activity to drive itself to the equatorial region, consistent with the previous observation of
normal equatorial organization of myosin with defective heads (Yumura and Uyeda, 1997;
Zang and Spudich, 1998). They similarly argue against a myosin II-driven equatorial
contraction mechanism that causes the cortical actin network to collapse and concentrate

into the equator (White and Borisy, 1983). Further, the results suggest that the inhibition
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Figure 2.2 Effects of blebbistatin on the assembly and disassembly of equatorial
actin and myosin. A dish was treated with blebbistatin for 20 minutes before fixation,
and images of phalloidin or myosin Ila immuno-staining were collected from cells at
various stages of division. Myosin Ila and actin filaments show a similar increase in
equatorial concentration during early anaphase in control (B) and blebbistatin treated
cells (A). However, after the completion of mitosis, both actin and myosin II disappear
from the cleavage site in control cells (B; right column; the concentration of actin
between the daughter cells is due to the formation of cell-cell junctions), but persist in the
equatorial region of blebbistatin treated cells (A; right column). Bar, 40 um. Integration
of the intensity of phalloidin staining in the equatorial region versus the whole cell
indicates that equatorial actin filaments persist in blebbistatin treated cells (C; left bars),

whereas control cells show a striking decrease shortly after anaphase onset (C; right bars).

The graph was generated from the measurements of 4-8 control or treated cells at each
stage. Error bars indicate S.E.M. The persistent band of equatorial actin defines a region
that resists anaphase retraction in blebbistatin-treated cells, causing some cells to form a
bulge along the equator (D). Bar, 40 um.
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of cytokinesis by blebbistatin is not caused by a defect in equatorial cortical assembly,

but defects in subsequent steps.

Myosin Il ATPase activity is required for actin and myosin disassembly during late
stages of cell division

The dissociation of actin and myosin II from the equatorial region during and
after late anaphase was examined. In blebbistatin-treated cells, both actin and myosin II
persisted along the equator long after (>30 minutes) the separation of chromosomes
(Figure 2.2A and C). In contrast, control cells showed a striking decrease in the
percentage of actin filaments along the equator following anaphase onset (Figure 2.2B
and C). These results indicate that myosin II ATPase activity is required for the post-
mitotic dissociation of equatorial actin and myosin II filaments. The accumulating
filaments may inhibit not only cortical ingression but also retraction along the equator,

causing the equatorial region to form a bulge as seen in some treated cells (Figure 2.2D).

To determine if the inhibition of actin dissociation was due to a decrease in the
dynamics of cortical actin network, FRAP (fluorescence recovery after photobleaching)
analysis was performed on cells microinjected with rhodamine-labeled actin.
Fluorescence recovery for both experimental and control cells at early anaphase showed a
halftime of about 12-15 sec (Figure 2.3), indicating that equatorial cortex at this stage is
highly dynamic and that the dynamics is independent of myosin motor activities.
However, at later stages when the equatorial band became well organized, blebbistatin-

treated cells showed a two-fold increase in recovery halftime to 25-30 sec, while the
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Figure 2.3 FRAP analysis of actin dynamics in control (right bars) and blebbistatin
treated cells (left bars). Cells were injected with rhodamine actin during prometaphase,
treated with blebbistatin after 10-15 minutes of recovery, and bleached in the equatorial
region within 1-2 minutes (“Early Anaphase”) or >5 minutes (“Late Anaphase-
Telophase™) of anaphase onset. The halftime of recovery shows no significant difference
during early anaphase, but a 2-fold increase in blebbistatin treated cells as compared to
control cells during a later stage. Moreover, similar increases in halftime are observed
both along and out of the equatorial region. Each halftime represents the average from 4-
6 measurements. Errors bars indicate S.E.M.
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halftime for control cells remained unchanged throughout cytokinesis (Figure 2.3).
Similar differences in halftime between control and treated cells were observed outside
the equator (Figure 2.3). Together, these observations suggest that mitotic exit has a
global effect in stabilizing the actin cortex, and that myosin II motor activities are
required for maintaining the dynamics. It is worth noting that the amount of myosin in the
furrow accounts for only about 10% of the total cellular myosin in Dictyostelium
(Robinson et al., 2002). Although the concentration of myosin II is higher along the
equator than other cortical regions, the ratio of myosin II to actin filaments is likely to be
similar throughout the cortex, which explains the similar rate of actin turnover in control
cells.

The delayed recovery, together with the accumulation of equatorial actin
filaments, indicates that myosin II motor activity is crucial for the turnover of actin
filaments in the equatorial region. The process could involve either “ripping” of actin
filaments from the membrane by the contractile forces, or activation of an actin-severing
or depolymerization mechanism. Such cortical disassembly process has been implicated
in earlier ultrastructural analysis (Schroeder, 1972), and is likely responsible for

removing the accumulating cortical materials in order for the ingression to continue.

Myosin Il functions both along and outside the equatorial region during cytokinesis
It was reported that local application of cytochalasin D at the equator not only

failed to inhibit cytokinesis, but appeared to facilitate the furrowing process (O'Connell et

al., 2001). In contrast, application of cytochalasin D near the spindle poles inhibited

cytokinesis. This raised the provocative possibility that crucial actin-myosin interactions
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for cytokinesis may occur outside the equatorial region. To address this question,
blebbistatin was applied to a small (10-15 um diameter) region at the equator, by using a
microneedle to release the drug close to the cell cortex while simultaneously removing
the medium with a nearby suction needle (Figure 2.4A; (O'Connell et al., 2001)). The
treatment caused inhibition of ingression (~60% of cells), as did global applications
(Figure 2.4B and Video 2.2). Phalloidin staining of these cells showed a strong
accumulation of actin filaments on the side facing the needle (Figure 2.4C), while local
treatment with DMSO-containing carrier solution had no effect on cytokinesis (not
shown; (O'Connell et al., 2001)). Although the inhibitory effect of blebbistatin is opposite
that of cytochalasins, it may be explained if myosin I, like cytochalasins, promotes the
disassembly of actin filaments during the force-generating interactions. The effect of
blebbistatin is similar to that of jasplakinolide, which inhibits ingression by stabilizing
the equatorial actin network (O'Connell et al., 2001).

To investigate if myosin II also functions outside the equator, blebbistatin was
applied near the polar region. The treatment caused only a small percentage of cells to
fail cytokinesis (<10%). However, a large percentage of cells (~60%) showed various
degrees of abnormality (Figure 2.4A and B and Supplemental video 2.3), including
asymmetric ingression, misplaced cleavage furrows (Supplemental video 2.3), and top-to-
bottom divisions with little lateral ingression, effects not observed with equatorial
application even at suboptimal doses. These results suggest that cytokinesis involves not
only contractions and cortical assembly/disassembly along the equator, but possibly a

global balance among contractile forces, cortical rigidity, and structural integrity.
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Figure 2.4 Effects of localized treatment with blebbistatin. A cell treated at the
equator shows inhibition of cytokinesis on the side facing the needle (A; upper row). The
other side shows normal cytokinesis as indicated by the arrows. A cell treated near the
pole shows misplaced ingression (A; lower row, upper arrows), located far away from the
equator and near separated chromosomes. Numbers indicate time in seconds. Analysis of
15 cells treated along the furrow, and 25 cells near the pole, shows a high percentage of
cleavage failure with equatorial treatment, and a high percentage of abnormal cleavage
(top-down division and mis-placed furrow) with polar treatment (B). A cell treated at
equator (C, left panel, arrow) shows strong accumulation of actin filaments along the side
facing the needle. Cells treated near the pole (C, right panel, arrow) show an equatorial
actin organization similar to that in control cells. Bar, 40 um.
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Materials and Methods

Cell Culture, Drug Treatment, and Microscopy

NRK epithelial cells (NRK52E; American Type Culture Collection) were cultured as
described previously (McKenna and Wang, 1989). They were subcultured onto cover
glass chamber dishes 12-24 hours before the experiment. Blebbistatin (s-(-) isomer;
Toronto Research, Toronto, Canada), or the s-(+) control (EMD Biosciences, San Diego,
CA), was dissolved with 90% DMSO to make a stock solution of 100 mM, which was
diluted 1:1000 with supplemented F-12K medium to obtain a working concentration of
100 uM. Following replacement of the medium, the culture chamber was incubated for a
minimum of 20 min prior to recording or fixation. Fixation and fluorescent staining were
performed as described previously (O'Connell et al., 1999). Antibodies against myosin
ITa were obtained from Covance Research.

Since blebbistatin is known to be light sensitive (Kolega, 2004), microscope lamp
intensity was maintained at a minimum and red cellophane filters (Edmund Scientific,
Barrington, NJ) were used during the observation of live cells,. Images were acquired
with a 40X, NA 0.75 Plan-Neofluar phase or a 100X, NA 1.30 Plan-Neofluar phase lens
(Carl Zeiss, Thornwood, NY) and a cooled CCD camera (NTE-CCD-EBFT; Roper
Scientific, Trenton, NJ), and processed with customized digital imaging software for
background subtraction. Integrated fluorescence intensity along the equator (defined as
the region with a concave lateral border during anaphase and telophase) and within the
whole cell was also obtained using custom software. Mitotic cell rounding was calculated
by dividing the spread area, measured as the number of pixels within a manually drawn

cell boundary, with the area of the same cell during prophase.
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Micromanipulation and Local Drug Application

Stock solution of blebbistatin was mixed with 25 mg/ml red fluorescent dextran
(Molecular Probes, Eugene, OR) in warm, supplemented F-12K medium to obtain a
working concentration of 850 uM blebbistatin, 1 mg/ml dextran, and 1% DMSO. The
solution was clarified at 25,000 RPM for 20 min in a Type 42.2 Ti rotor (Beckman
Coulter, Fullerton, CA). Localization of blebbistatin was achieved by using a release
needle paired with a suction needle (O'Connell et al., 2001); the latter was prepared by
breaking the tip of a microneedle and fire polishing with a microforge (Narishige USA,
Sea Cliff, NY). The needles were mounted on a custom made double micromanipulator
and the flow regulated with a combination of regulated compressed air and vacuum. NRK
cells were rinsed with filtered F-12K medium immediately before the experiment, and the
culture layered with mineral oil (embryo tested; Sigma, St. Louis, MO) following drug
application to prevent evaporation. Alexa-546 phalloidin was prepared and microinjected
as described previously (Wang, 1992). Images of injected cells were acquired using
spinning-disk confocal optics (Solemere Technology, Salt Lake City, UT), with a diode

pumped solid state laser at 532 nm.

FRAP Analysis

Rhodamine labeled muscle actin (Cytoskeleton) was microinjected at a concentration of
0.8 mg/ml, following clarification in an ultracentrifuge. Fluorescence was bleached with
the 514 nm line from an Argon laser, at a power of 300 mW and duration of 50 ms.

Images during fluorescence recovery were captured every 10 sec with spinning-disk

39



confocal optics. A 525 nm dichroic mirror (525DRLP; Omega Optical, Brattleboro, VT)
was placed in the optical path, to allow simultaneous bleaching with the 514 nm beam
and imaging with the 532 nm laser. Fluorescence intensity was measured with custom
software and analyzed with Excel (Microsoft). Photobleaching of control cells had no

effect on division.
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Conclusions

In summary, the present results suggest that equatorial myosin II serves a dual
role during cytokinesis; to generate the forces and to disassemble the cortex to allow
ingression. However, motor activity of myosin II is not necessary for the assembly of the

equatorial band of myosin and actin filaments.
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Supplemental Materials

Supplemental Video 2.1. The field as shown in Fig. 2.1A recorded over 51 minutes.
Circles in the beginning indicate three dividing cells. Even though cytokinesis fails, these
cells show striking shape changes throughout the period of division. Both mitosis and

post-mitotic spreading appear to take place normally.

Supplemental Video 2.2. The same sequence as in the upper row of Fig. 2.4A, showing

the inhibition of ingression when blebbistatin is applied near the equator.

Supplemental Video 2.3. The same sequence as in the lower row of Fig. 2.4A, showing

the misplacement of ingression when blebbistatin is applied near the pole.
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Chapter 111 - Distinct Pathways for the Early Recruitment of Myosin |1

and Actin to the Cytokinetic Furrow
Abstract

Equatorial organization of myosin II and actin has been recognized as a universal event in
cytokinesis of animal cells. Current models for the formation of equatorial cortex favor
either directional cortical transport toward the equator, or localized de novo assembly.
However, this process has never been analyzed directly in dividing mammalian cells at a
high resolution. I applied total internal reflection fluorescence microscope (TIRF-M),
coupled with spatial temporal image correlation spectroscopy (STICS) and a new
imaging approach termed temporal differential microscopy (TDM), to image the
dynamics of myosin II and actin during the assembly of equatorial cortex. The results
indicated distinct and at least partially independent mechanisms for the early equatorial
recruitment of myosin and actin filaments. Cortical myosin showed no detectable
directional flow during early cytokinesis. In addition to equatorial assembly, localized
inhibition of disassembly contributed to the formation of the equatorial myosin band. In
contrast to myosin, actin filaments underwent a striking flux toward the equator. Myosin
motor activity was required for the actin flux, but not for actin concentration in the
furrow, suggesting that there was a flux-independent, de novo mechanism for actin
recruitment along the equator. The present results indicate that cytokinesis involves
signals that regulate both assembly and disassembly activities, and argue against

mechanisms that are coupled to global cortical movements.



Introduction

Recruitment of myosin II (referred as myosin later) and actin along the equatorial cortex
represents a universal event in cytokinesis. While the function of a narrowly defined
“contractile ring” is still under debate (Wang, 2005), it is generally agreed that the
organization of actin and myosin filaments along the equator is related to equatorial
contractility and cortical ingression. There are two prevailing hypotheses on how myosin
and actin are recruited to the equatorial cortex. The cortical flow hypothesis proposes
that myosin and actin from the polar cortex flow actively or passively into the equatorial
cortex, as a consequence of either directed transport or differential cortical contractions
(White and Borisy, 1983; Bray and White, 1988). The structural synthesis hypothesis
argues that direct recruitment of molecules or small polymeric building blocks from the
cytoplasm is responsible for the formation of the acto-myosin equatorial band (Pelham
and Chang, 2001; Wu et al., 2006).

There are experimental evidence for the involvement of both cortical flow and direct
structural synthesis in cytokinesis. The former was supported primarily by imaging
membrane-bound beads (Wang et al., 1994), fluorescently labeled actin (Cao and Wang,
1990b), or myosin (DeBiasio et al., 1996), in systems from live mammalian cells to
Dictyostelium. In addition, several theoretical models predicted a concerted flow of
cortical actin and myosin into the equator (White and Borisy, 1983; He and Dembo,
1997), as a consequence of global force balance over the cortex. Direct structural
synthesis was supported by the appearance and/or growth of punctate acto-myosin
structures in dividing frog embryos (Noguchi and Mabuchi, 2001), and yeast (Wu et al.,

2006), and by the dependence of cytokinesis on genes that regulate de novo structural
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assembly (Gunsalus et al., 1995; Pelham and Chang, 2001; Severson et al., 2002).
Although cortical flow and structural synthesis hypotheses are not mutually exclusive,
their contributions to the recruitment of equatorial actin and myosin remain unclear. As
several hypothetical mechanisms of cytokinesis make strong predictions about how
equatorial structures are formed (Burgess and Chang, 2005), detailed analyses of cortical
dynamics during early cytokinesis are likely to provide useful new insights.

The limitation to the current knowledge is in part due to the lack of high-resolution
images that depict the assembly of equatorial cortex immediately before and during
cytokinesis. Because of the strong signals from the cytoplasm, it has been very difficult
to observe directly the assembly process in live cells using conventional epi-fluorescence
optics. With its very short depth of field (<200 nm) and dramatically reduced
background, the total internal reflection fluorescence microscopy (TIRF-M) is uniquely
suitable for providing high-resolution images of structural dynamics on the cell cortex
(Axelrod, 2001). In this study, I have combined TIRF-M with spatial temporal image
correlation spectroscopy (STICS) (Hebert et al., 2005), an approach similar to
fluorescence speckle microscopy for precise tracking of the movement of structural
inhomogeneities, and temporal differential microscopy (TDM), a novel image analysis
method that measures the local kinetics of structural assembly or disassembly. My
observations lead to the conclusion that actin and myosin follow distinct pathways to the
equatorial cortex. Cortical flow is limited to actin, and is not solely responsible for its
equatorial concentration, while myosin is recruited directly from the cytoplasm. In
addition, the formation of equatorial myosin band involves the regulation of both

assembly and disassembly activities.
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Materials and Methods

Cell Culture and Transfection

A subclone of Normal Rat Kidney cells (NRK-52E; American Type Culture Collection,
Rockville, MD) was grown on glass coverslips in Kaighan’s modified F12 medium
(Sigma, St. Louis, MO) supplemented with 10% fetal calf serum (JRH Biosciences,
Kansas City, MO), 1 mM L-glutamine, 50 pg/mL streptomycin and 50 U/mL penicillin
(Gibco, Carlsbad, CA). Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO,. EGFP-nonmuscle myosin heavy chain IIA and I1IB, EGFP-actin,
mCherry-actin plasmids were kindly provided by Dr. Robert S. Adelstein (NIH/NHLBI)
and Dr. Michael Davidson (Florida State University). Transient transfection of NRK
epithelial cells was performed by nucleofection using the Amaxa nucleofector and kit R
(Amaxa, Gaithersburg, MD), following manufacturer’s protocol. After transfection, cells

were plated on glass coverslips and cultured overnight before imaging.

Drug Treatment and Microinjection

The drug concentrations of Y-27632 (Calbiochem, San Diego, CA), (-)-blebbistatin
(Toronto Research, Toronto, Canada), (+)-blebbistatin (Calbiochem, San Diego, CA),
ML-7 (Calbiochem, San Diego, CA), latrunculin B (Calbiochem, San Diego, CA) were
40 uM, 100 uM, 100 pM, 50 uM, 10-20 uM respectively. For drug experiments, NRK
cells at prometaphase were treated for at least 10 minutes before anaphase onset and the
drug was maintained during the following period of imaging. C3 transferase

(Calbiochem, San Diego, CA) was microinjected at a concentration of 0.5 mg/ml with
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fluorescein dextran as a marker (Molecular Probes, Eugene, OR). Injection of

fluorescein dextran alone had no effect on mitosis or cytokinesis.

Immunofluorescence

For myosin II staining, cells were fixed in 1% formaldehyde, 0.1% glutaraldehyde, and
0.3% Triton X-100 for 1 minute, followed by postfixation in 0.5% glutaraldehyde for 10
minutes. Myosin IIA was immunostained with anti-nonmuscle myosin IIA polyclonal
antibodies (Covance Research, Princeton, NJ) at a dilution of 1:100. To stain for actin
filaments, cells were fixed in 4% formaldehyde and 0.2% Triton X-100 for 10 minutes
and incubated with Alexa-488-phalloidin or Alexa-546-phalloidin following

manufacturer’s protocol (Molecular Probes).

Microscopy and Data Collection

Images were collected with either a Zeiss Axiovert-10 or Axiovert-200M inverted
microscope (Thornwood, NY), equipped with a 100x, N.A. 1.30 Phase Plan-Neofluar
objective lens for conventional epi-fluorescence optics, and a 100x, N.A. 1.45 oPlan-
Fluar objective lens for TIRF-M. Light for TIRF-M was generated by a Lexel Model 94,
2W argon ion laser operating at 10 mW, 488 nm for GFP proteins, or a 2.5 mW 543 nm
HeNe laser for mCherry-actin (Model LHGR-0200, Research Electro Optics, Boulder,
CO). The laser beam was expanded with a beam expander, and directed into the
microscope using a focusing lens and several steering mirrors, adjusted such that the
beam exits the objective lens as a parallel beam at an angle exceeding the critical angle

for total internal reflection. Fluorescence images were collected with a cooled CCD
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camera (Model NTE/CCD-512-EBFT, Princeton Instrument, Trenton, NJ, or Model DV-
887-DCS-BV, Andor Technology, Belfast, UK), with 0.5 or 1 sec exposure, and
subtracted with a dark-count image. Except for linear adjustments across the entire
image to optimize the display, the images were unaltered. Data acquisition and analyses
were performed with a combination of custom software, ImageJ (NIH) and Excel

(Microsoft).

Image Analysis

Standard image analysis procedures, including kymograph analysis and intensity
integration, were performed with a combination of custom software, ImageJ (NIH) and
Excel (Microsoft). STICS was implemented as custom software, using a similar cross-
correlation approach as described previously (Hebert et al., 2005; Ji and Danuser, 2005).
Each set of displacement vectors was generated by averaging displacements detected in a
set of 5 consecutive frames taken over ~12 seconds. The detection window for
movements was set at 1.3x1.3 pm? as the default and adjusted adaptively as described by
Ji and Danuser (2005). TDM was also implemented as custom software. It involved
pixelwise computation of the intensity differential, (lerai— 11)/(Itxat + 1)/At/2 where I is
the average intensity around the pixel at time t and At =~ 4-7 seconds. This quantity
equals approximately the local rate of percentage change in intensity. To control the
noise some images were filtered with a median filter before the computation. For
visualization, the resulting positive or negative values were scaled linearly and rendered

in pseudo-color.
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Results
TIRF-M provides high-resolution images of cortical structure of myosin and actin in
cytokinetic cells

To visualize myosin and actin in live cells, I expressed GFP-tagged nonmuscle
myosin II heavy chain (referred as GFP-myosin later), or GFP- or mCherry-tagged actin
in normal rat kidney (NRK) epithelial cells, which remained relatively flat during mitosis
and were ideal for microscopy. These tagged proteins served as reliable probes for
endogenous structures (Figure 3.1 and Figure 3.2A). Compared to conventional epi-
fluorescence optics, TIRF-M provided a much higher resolution of cortical structures in
mitotic cells (Figure 3.2A). GFP-myosin was found in dot-like structures with an
average area of 0.2 pm” (or an equivalent diameter of 0.5 pm, which may be partially
diffraction-limited), throughout the cortex of mitotic cells. From the lack of abrupt
bleaching, these dots likely represent myosin minifilaments or small clusters of
minifilaments as described previously (Verkhovsky and Borisy, 1993; Maupin et al.,
1994), rather than single molecules. Cortical actin on dividing cells consisted of dots,
patches, short fibers, and diffuse structures (Figure 3.2A).

Soon after anaphase onset, prominent myosin dots and actin filament structures
appeared on the equatorial cortex, forming a prominent band before the initiation of
ingression (Figure 3.2A). GFP-myosin band appeared along the equator slightly earlier
than GFP-actin, becoming detectable at about 60 seconds and 100 seconds after
chromosome segregation respectively (Figure 3.2B), suggesting that they may follow

different pathways.
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Figure 3.1 GFP-nonmuscle myosin I1A heavy chain and GFP-actin as functional
probes in interphase NRK cells. Expressed proteins become incorporated into stress
fibers and focal adhesions (A, arrows), as imaged by TIRF-M. Images of GFP-actin and
Alexa-546-phalloidin staining show extensive colocalization, suggesting GFP-actin is
incorporated into most if not all actin filament structures (B, orange arrows indicate
equator). In addition, transfected cells grow and divide normally.
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Figure 3.2 High-resolution imaging of cortical myosin and actin structure in mitotic
cells with TIRF-M. GFP-nonmuscle myosin IIA heavy chain or GFP-actin accumulates
along the equator, which is detected as a fuzzy band using conventional epi-fluorescence
optics (A, left panels, arrows indicate the equator). TIRF-M provides a much higher
resolution than epi-fluorescence, revealing fine cortical structures of myosin and actin (A,
middle and right panels). Staining of endogenous myosin and actin (A, right panels)
shows similar structures as those seen with GFP-myosin and GFP-actin in live cells (A,
middle panels). GFP-myosin band appears in the equator slightly earlier than GFP-actin
(B). Time (sec) is measured from chromosome segregation to the first detection of GFP-
myosin or GFP-actin concentration along the equator (n=10 each for actin and myosin;
error bars indicate the standard deviation)
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Myosin shows no detectable cortical flow in early cytokinesis

To determine if the assembly process of equatorial myosin involves cortical flow, as
has been suggested previously (White and Borisy, 1983), I collected time-lapse TIRF-M
movies of dividing cells expressing GFP-myosin. Direct observations of cortical myosin
in more than 20 cells provided no indication of directional movement toward the equator
during early equatorial assembly (Figure 3.3A, Supplemental Video 3.1). Moreover,
kymograph analysis showed only horizontal tracks indicating that there was no long-
range movement of myosin throughout the cortex along any directions (Figure 3.3B).
Consistent results were obtained with STICS, which tracked the movement of features
within 1.3 x 1.3 pm? regions (Figure 3.3C). The increase in equatorial myosin
concentration appeared to involve a combination of an increase in the intensity of pre-
existing myosin structures, and de novo appearance of new myosin dots along the equator
(Figure 3.3A and B d, e, boxed areas), which together lead to a 45+12% increase in
average intensity along the equator during a 30 second interval in early cytokinesis. The
flanking regions showed a concomitant intensity decrease of 14+6% (Figure 3.3D),
suggesting changes in the relative association and dissociation kinetics between the

equatorial region and the rest of the cortex.

Cortical myosin assembly/association appears in dynamic domains throughout the
cortex

TIRF-M time-lapse recording of cortical myosin revealed an intriguing phenomenon.
Contrary to the common notion that myosin builds up directly and locally along the

equator, I observed domains over the entire cell cortex where myosin intensity showed



Figure 3.3 Lack of detectable cortical flow of myosin during early cytokinesis.
Selected frames from a TIRF-M time-lapse sequence of cells expressing GFP-myosin
show the rapid recruitment of myosin onto the equatorial cortex over a period of 30
seconds (A, upper panels; bottom panels are the enlarged view of the equatorial region).
Kymograph analysis of cortical myosin in different regions and along different directions
(B, white rectangular boxes, left panels) shows no directed movement of cortical myosin
dots during early assembly of the equatorial cortex (B, right panels). However, myosin
dots in the equatorial region were more stable, as indicated by longer horizontal lines in
kymographs (B, right panels). In addition, some myosin dots in the equatorial region
gain intensity, while other dots appear to form de novo (B, boxes in kymographs of d, e).
Analysis with STICS shows no significant coordinated movements of structures within
detection windows of 1.3 x 1.3 um? throughout the cortex (C; yellow arrows indicate
displacement velocity, cutoff velocity = 6 nm/sec). The scale bar also represents a speed
of 0.22 um/sec in STICS (C). Analysis of integrated fluorescence intensities over a
period of 30 seconds during early cytokinesis indicates an increase of average intensity
by 45% along the equator, and a decrease by 14% in the flanking region (D; n=5, error
bars indicate the standard deviation). Supplement Video 3.1 shows the corresponding
movie.
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transient increases (Figure 3.4A, and Supplemental Video 3.2). No such domains were
observed with cells expressing GFP-actin or GFP alone. To visualize more directly
myosin intensity dynamics and to normalize against the local concentration, TDM was
applied, which calculates the rate of temporal differential, (lt+at— lt)/(lt+at + 11)/At/2, with
pairs of images li, lt+at separated temporally by At. This quantity approximates the rate of
percentage change in intensity. The resulting images were rendered in color, with bright
orange marking regions of strong proportional increases in intensity and bright blue
marking regions of strong decrease (N = 31; Figure 3.4A, and Supplemental Video 3.2).
TDM revealed strong assembly domains of myosin up to 10 um in diameter throughout
the cortex. These domains lasted typically 15-20 seconds, during which some of them
traveled across the cortex (Figure 3.4A). These observations indicate that myosin
assembly was not confined to the equatorial region (Lucero et al., 2006), although the
equatorial region may have a higher net assembly activity than elsewhere.

TDM also revealed suppression of disassembly/dissociation activities along the
equator. While a strong phase of assembly outside the equator was typically followed by
an equally strong phase of disassembly, assembly along the equator was followed by a
neutral phase (Figure 3.4B, and Supplemental Video 3.2), when the intensity remained
steady or increased slowly. Therefore, a net increase in equatorial myosin may be
achieved through a rectifier-like effect, by allowing assembly or association on the entire
cortex while suppressing disassembly or dissociation along the equator (Figure 3.4B).
The regulation of myosin disassembly or dissociation may thus play a crucial role in

equatorial recruitment.
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Figure 3.4 Random domains of myosin assembly/association and inhibition of
myosin disassembly/dissociation along the equatorial cortex. TDM reveals highly
dynamic domains of myosin assembly/association and disassembly/dissociation
throughout the cortex during early cytokinesis (A). Regions of assembly/association are
shown in orange and regions of disassembly/dissociation shown in blue. During the
assembly of the equatorial band, disassembly is suppressed along the equator (B), such
that strong increases in intensity along the equator are followed by weak increases or
steady intensities (A, arrows, and B), whereas strong increases outside the equator are
followed by strong decreases (A, arrowheads, and C). Yellow boxes (A) indicate the
regions plotted (green curves in B, C). Green, red, blue curves represent the rate of
intensity change and the average intensity in equatorial or polar regions of 20x20 pixels
in three individual cells (B, C). The average intensity at t=0 is set as 100 arbitrary units.
Supplemental Videos 3.2 shows the corresponding movie.
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Cortical myosin is affected in different ways by small GTPase Rho, Rho kinase,
myosin light chain kinase, and its own ATPase activities during cytokinesis

Cortical dynamics of myosin is likely affected by its ATPase and self-assembly
activities, which are in turn regulated by rMLC by a number of kinases including MLCK
and ROCK (Bresnick, 1999; Poperechnaya et al., 2000; Fukata et al., 2001; Chew et al.,
2002; Matsumura, 2005). Y-27632, an inhibitor of ROCK, delayed cytokinesis as
reported previously (Kosako et al., 2000). The formation of equatorial myosin band
appeared uninhibited (Figure 3.5A). However, time-lapse movies and kymographs
indicated that equatorial myosin dots were surprisingly stable in Y-27532 treated cells
(Figure 3.5A). Myosin dots outside the equator became sparse and highly transient
compare to those in control cells shown in Figure 3.3, suggesting that they failed to
associate stably with the cortex (Figure 3.5A; Supplemental Video 3.3). In addition,
TDM analysis showed a strong inhibition of dynamic myosin domains throughout the
cortex (Figure 3.5D). Injection of C3 transferase (a Rho inhibitor), unlike Y-27632
treatment, caused complete inhibition of the recruitment of myosin dots along the equator
(Figure 3.5C, Figure 3.6; (O'Connell et al., 1999; Kamijo et al., 2006), suggesting that
ROCK is not the only effector of Rho that regulates equatorial myosin recruitment. ML-
7, an inhibitor of MLCK, caused a delay in cytokinesis without an apparent effect on
cortical myosin dots along or outside the equator (Supplemental Video 3.4).

Since C3 and Y-27632 presumably inhibit myosin ATPase by inhibiting rMLC
phosphorylation, their effects were compared with the effect of (-)-blebbistatin, a potent
myosin ATPase inhibitor. Blebbistatin caused an increase in the intensity of myosin dots

throughout the cortex (Figure 3.5B, Supplemental Video 3.5), by 97% along the equator



Figure 3.5 Different effects of inhibitors of ROCK, Rho, and myosin ATPase on
cortical myosin dynamics during cytokinesis. Myosin localization along the equator
appears uninhibited in a cell treated with Y-27632, a ROCK inhibitor (A, left panel,
arrows indicate equator). Kymograph analysis indicates that myosin dots in the
equatorial region become surprisingly stable (A, kymograph 1, right upper panel), while
dots away from the equator become weak and highly unstable (A, kymograph 2, right
bottom panel) compared with those in similar regions of control cells (Figure 3.3B, b and
e). Supplemental Video 3.3 shows the corresponding movie. Injection of C3 transferase,
a Rho GTPase inhibitor, in contrast, causes a strong inhibition of myosin localization
along the equator (C, arrows indicate equator). (-)-Blebbistatin, a myosin ATPase
inhibitor, increases cortical myosin intensity both inside and outside the equatorial region
(B, arrows indicate equator). Supplemental Video 3.4 shows the corresponding movie.
TDM analysis shows the strong inhibition of intensity fluctuations by Y-27632 (D), in
contrast to the waves seen in control cells (Figure 3.4B and C).
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Figure 3.6 TIRF-M time-lapse sequence of GFP-myosin in NRK cell injected with
C3 a Rho inhibitor. The cell shows strong inhibition of myosin localization along the
equator (arrows indicate the equator).
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Figure 3.7 Recruitment of myosin to the equator in cells treated with latrunculin B.
TIRF-M of GFP-myosin shows the recruitment to the equatorial cortex despite the
inhibition of cytokinesis and disassembly of actin filaments (A; asterisk and boxed region
indicate the equator in a tri-polar cell). However, the myosin band begins to widen at
about 10 min after anaphase onset, and eventually disperses at about 25 min after
anaphase onset, indicating that F-actin may be involved maintaining myosin organization
in the furrow. Time is indicated as minutes:seconds from anaphase onset. Kymograph
analysis shows that myosin dots persist for minutes (B, arrows indicate equator, white
rectangular box indicates the region analyzed). Supplemental Video 3.6 shows the
corresponding movie.
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and 71% outside the equator during a 30 second period in early cytokinesis. The
different effects between (-)-blebbistatin and Rho/ROCK inhibitors suggest that myosin
ATPase activity and rMLC phosphorylation play distinct roles in cortical myosin
recruitment. Also relevant was the previous demonstration that equatorial myosin
recruitment took place in yeast, Drosophila and HeLa cells treated with latrunculin B
(Wu et al., 2003; Dean et al., 2005; Kamijo et al., 2006), which induces
depolymerization of actin filaments and thereby inhibits the actomyosin ATPase. This
was also the case for NRK cells (Figure 3.7, and Supplemental Video 3.6). However, the
equatorial myosin band gradually widened over about 20 minutes after anaphase onset,
suggesting that acto-myosin interactions play a role in restricting the equatorial myosin

localization (Figure 3.7).

Recruitment of equatorial actin involves a combination of myosin motor-dependent
fluxes and de novo assembly

The delay of equatorial actin recruitment relative to that of myosin suggested that
actin and myosin may follow different pathways (Figure 3.2B). To observe directly the
equatorial recruitment of actin, I collected time-lapse movies of dividing cells expressing
GFP-actin or mCherry-actin. In contrast to myosin, actin filaments showed a striking
flux toward the equator during cytokinesis (observed in 20 cells; Figure 3.8A and B,
Supplemental Videos 3.7 and 3.8), at an estimated average speed of 2.1+0.6 um/min
based on the slopes of kymographs (Figure 3.9B). The flux was unlikely to reflect the
movement of the entire cortical actin structure, since some actin structures moved to the

equator while others remained stationary (Figure 3.8B). In addition, small actin
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structures were observed to dissociate from large patches and move into the furrow,
suggesting that actin disassembly or severing, rather than a global collapse of the cortical
network, may be involved in the generation of the flux (Supplemental Video 3.7).
Moreover, STICS analysis indicated heterogeneous speeds and movement patterns, and
juxtaposition of directional and random movements (Figure 3.8C), further arguing against
global movement of a crosslinked cortex.

The long-range, directed movement of actin filaments implied the involvement of
motor-dependent forces. To determine if myosin motor activities were responsible for
the actin flux, I investigated the effect of (-)-blebbistatin. The treatment with (-)-
blebbistatin immediately inhibited the actin flux, while (+)-blebbistatin (an inactive form
of blebbistatin as negative control) had no effect (Figure 3.9A; Supplemental Video 3.9).
The slopes in the kymographs indicate an average flux speed of 2.1 pm/min in control
cells, and close to zero in (-)-blebbistatin treated cells (Figure 3.9B), suggesting that
myosin motor activities were critical for the actin flux. However, equatorial
concentration of actin filaments took place despite the inhibition of actin flux
(Supplemental Video 3.9 and 3.10). TDM further confirmed the persistence of actin
assembly activities along the equator in the presence of (-)-blebbistatin (Figure 3.10).
Therefore both filament flux and de novo assembly were involved in actin recruitment

along the equator.
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Figure 3.8 Striking actin flux toward the equator during early cytokinesis. Cells
expressing GFP-actin or mCherry-actin show striking actin flux toward the equator
during early cytokinesis (A, Supplemental Videos 3.7 and 3.8). White rectangular boxes
indicate the regions analyzed in kymographs and arrows indicate the equator (A).
Kymograph analysis (B) and STICS analysis (C) show some actin structures on the
cortex move toward equator (B, panel 1 and 3), while others do not move (B, panel 2).
Thus the flux does not represent global cortical movement. The scale bar also represents
a speed of 0.22 pm/sec in STICS (C)
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Figure 3.9 Requirement of myosin motor activity for the actin flux. Treatment with
active (-)-blebbistatin abolishes actin flux (A, bottom panel), while treatment with the
inactive isomer (+)-blebbistatin has no effect (A, upper panel), as suggested by both
STICS (A, left panels) and kymographs (A, right panels). White rectangular boxes
indicate the regions analyzed by kymographs and arrows indicate the equator (A, middle
panel, and Supplemental Video 3.9). The slopes in the kymographs indicate an average
flux speed of 2.1 um/min in control cells, and close to zero in (-)-blebbistatin treated cells
(B; n=19 for the control and n=8 for blebbistatin; error bars indicate the standard
deviation).
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Figure 3.10 Involvement of both myosin motor-dependent fluxes and de novo
assembly in the recruitment of equatorial actin. TDM of cell treated with active (-)-
blebbistatin shows inhibition of actin flux and cytokinesis, while the equatorial region
shows net assembly (A, arrows indicate equator). Plots of percentage intensity change
per second (B, left panel) or average intensity in regions of 20x20 pixels (B, right panel)
show a broad peak of assembly activities along the equator during early cytokinesis (B,
red curve), while the polar region shows fluctuating values around the baseline (B, blue
curve). The regions plotted are indicated by yellow boxes in the corresponding TIRF-M
image (A, right panel). The average intensity at t=0 is set as 100 arbitrary units.
Supplemental Video 3.10 shows the corresponding movie.



7
~0.4
)
>

~(0.0
o)

1
20.4

Q0.8

—— Equator
—— Pole

Time (sec)

Average intensity (AU)

N
o
o

—— Equator
—— Pole

N

(&)

o
1

D0

Time (sec)



Discussion

Equatorial concentration of actin and myosin represents a common feature of
cytokinesis seen from yeast to mammalian cells. Despite the variability in the extent of
concentration, likely due to the feedback from cortical resistance to ingression and the
balance between assembly and disassembly activities (Fishkind and Wang, 1995), it is
generally believed that the recruitment process holds an important key to the
understanding of the mechanism of cytokinesis. For example, the polar relaxation
hypothesis predicts that the entire cortical structures should move toward the equator, due
to the weak forces in the polar region relative to the strong contractions along the equator
(White and Borisy, 1983). In contrast, some versions of the equatorial contraction
mechanism emphasize a de novo mechanism for equatorial structural assembly (Wu et al.,
2006), while other versions incorporate cortical flow as part of an assembly process (He
and Dembo, 1997). However, due to the lack of high-resolution images depicting the
recruitment process in mammalian cells, there has been no definitive evidence for these
proposed mechanisms. The clarity of images provided by TIRF-M has allowed me to
determine unambiguously the behavior of cortical actin and myosin during early

cytokinesis.

Equatorial recruitment of myosin in early cytokinesis does not involve cortical flow
While dot-like structures of cortical myosin have been observed during cytokinesis in

fixed samples by confocal microscope (Maupin et al., 1994), little is known about how

they become concentrated along the equator. The present results, showing no detectable,

long-range flow of myosin dots toward the equator, argued against the cortical flow

75



hypothesis for myosin recruitment and supported either the assembly of myosin
minifilaments from cytoplasmic subunits or recruitment of preassembled minifilaments.
Although the polar cortex showed a net loss of myosin dots, myosin appeared to be
released into cytoplasm first and recruited to the equator. This shift in the balance of
myosin cortical association may involve differential interactions of polar and equatorial
cortices with astral microtubules (Werner et al., 2007).

My results appear to contradict previously reported fluxes of myosin in mammalian
cells (DeBiasio et al., 1996), and in Dictyostelium (Yumura, 2001). However, the present
observations were focused on early assembly events of equatorial cortex. During the
subsequent phase of active ingression, I did observe some limited movements of myosin
dots on the equatorial cortex and in the immediately adjacent region, which likely reflect
contractile activities and may explain previous observations of myosin movements
(DeBiasio et al., 1996). In addition, different organisms may adopt different mechanisms
of myosin recruitment, as suggested by the multiple mechanisms of cytokinesis in motile

Dictyostelium cells (Uyeda et al., 2004).

Equatorial recruitment of actin involves a combination of cortical flow and de novo
assembly

In contrast to myosin, cortical actin showed a striking flux toward the equator,
consistent with previous observations at a limited resolution using conventional optics
and microinjected fluorescent phalloidin (Cao and Wang, 1990b). In addition, the flux
took place in discrete domains flanking the equator, and at least part of the moving

structures appeared to be generated by severing and/or disassembling existing actin
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structures, suggesting that the flux was an active, selective process rather than global
cortex movement as a result of force balance.

Treatment of blebbistatin abolished the actin flux and inhibited actin turnover, but
did not inhibit actin concentration in the equator (Guha et al., 2005; Murthy and
Wadsworth, 2005), suggesting that the flux was driven by myosin motor activities and
that there were additional, flux-independent mechanisms, likely de novo assembly as
suggested in other systems (Noguchi and Mabuchi, 2001; Pelham and Chang, 2002;
Severson et al., 2002; Wu et al., 2006). Myosin may be involved in both processes, by
providing forces for the flux and by facilitating the turnover of actin cortex to generate
the sources of flux. Since blebbistatin also completely inhibited furrow ingression, it is
possible that cytokinesis requires not only an equatorial acto-myosin band but also actin
flux and/or turnover. In addition, although the major events of cytokinesis take place
along the equator, the complex picture presented by TIRF-M suggested that the process

may involve the entire cortex.

Equatorial myosin recruitment involves the regulation of both assembly and
disassembly processes

Dynamic cytoskeletal structures are maintained by a balance between assembly and
disassembly activities. Previous immunostaining studies have shown a concentration of
mono- and di-phosphorylated rMLC along the equator, which is known to activate the
myosin ATPase and promote the assembly of filamentous myosin structures (Matsumura
et al., 1998; Matsumura et al., 2001). These observations were often interpreted as

suggesting an increase in the rate of myosin assembly or cortical association along the
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equator. However, equatorial rMLC phosphorylation, and myosin structures, may be
stimulated equally effectively by decreasing the rate of disassembly or dissociation from
the equatorial cortex, as was suggested by the requirement of regulated myosin
phosphatase activities in cytokinesis (Matsumura, 2005).

Time-lapse TIRF-M and TDM revealed surprisingly active domains of cortical
myosin assembly/association throughout the cell cortex immediately after anaphase onset.
These domains were not detected in previous studies, because without TIRF-M, their
contrast against the strong cytoplasmic signals was likely to be very low. In addition, the
transient, random nature of these domains likely made them very difficult to notice in
fixed cells. The global presence of these assembly domains suggested that assembly
signals for myosin were not confined to the equatorial region (Lucero et al., 2006).

Previous studies showed that the primary function of ROCK during cytokines is to
elevate the phosphorylation of rMLC (Dean and Spudich, 2006). The strong inhibition of
dynamic domains of cortical myosin assembly by Y-27632, as shown in the present study,
suggested that ROCK and ROCK-mediated phosphorylation of rMLC were involved in
the recruitment of myosin throughout the cortex. However, the presence of equatorial
myosin band despite the inhibition of ROCK suggested a second, ROCK-independent
pathway that directly recruited myosin to the equatorial cortex. .

TDM analysis further revealed local inhibition of myosin disassembly/dissociation
along the equator, which likely contributed to the build up of myosin concentration.
Unexpectedly, the stability of equatorial myosin in the presence of Y-27632 suggested
that the stabilization involved a mechanism independent of ROCK-induced direct rMLC

phosphorylation or inhibition of myosin phosphatase (Fukata et al., 2001), while the
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turnover was dependent on ROCK. Furthermore, actin filaments may play a role in the
stability of myosin, as suggested by the gradual expansion of the equatorial myosin band
in latrunculin treated cells. Other molecules such as anillin have also been implicated in
the recruitment of myosin, possibly by stabilizing myosin association along the equator
(Straight et al., 2005).

The effects of blebbistatin on cortical myosin distribution and dynamics were
strikingly different from those of Y-27632 or C3. Inhibition of myosin ATPase activity
by blebbistatin appeared to inhibit cortical myosin disassembly/dissociation without
affecting cortical myosin assembly/association, indicating that the ATPase activity is not
required for its cortical association but may be required for its turnover. In contrast, C3
caused strong inhibition of equatorial myosin recruitment, suggesting that the primary
effect of Rho on myosin was not the regulation of ATPase activities, but possibly its self

assembly, disassembly, and/or cortical association.

In conclusion, many previous models of cortical ingression involved global, coupled
movements of actin and myosin filaments into the equatorial region. The present study
showed that, while a prominent myosin-dependent actin flux did occur during the
cytokinesis of NRK cells, the movement was by no means global and no such movement
was detectable for myosin. In addition, the formation of the equatorial actin band
involved a second, myosin-independent, de novo assembly process. These results
support an active mechanism that promotes structural organization at the equator, rather
than a passive mechanism as a consequence of differential cortical contractile activities.

Moreover, the discovery of dynamic domains of myosin assembly throughout the cortex,
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combined with a localized suppression of myosin disassembly/dissociation along the
equator, suggests that the spatial and temporal control of cytokinesis may involve the

regulation of both assembly and disassembly activities.
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Supplemental Materials
Supplemental Video 3.1. TIRF-M of an NRK cell expressing GFP-nonmuscle myosin
ITA heavy chain during the assembly of equatorial cortex. No directed flow of cortical

myosin is detectable. Enlarged view of the equatorial region is shown to the right.

Supplemental Video 3.2. TIRF-M and the corresponding TDM of GFP-myosin in an
NRK cell during the assembly of the equatorial cortex. Dynamic domains of myosin
assembly/association appear throughout the cortex. Some assembly domains appear to

travel across the cell cortex. The total duration of recording is 87 seconds.

Supplemental Video 3.3. Recruitment of GFP-myosin to the equator in cell treated with
Y-27632. TIRF-M shows that myosin in the equatorial region is very stably associated
with cortex, in contrast to dots outside the equator. The total duration of recording is 66

seconds.

Supplemental Video 3.4. Equatorial recruitment of GFP-myosin in a cell treated with

ML-7. Cytokinesis is delayed. The total duration of recording is 3.75 minutes.

Supplemental Video 3.5. Equatorial recruitment of GFP-myosin in a cell treated with (-
)-blebbistatin. Cortical myosin intensity shows steady increase both in and outside the
equatorial region, while cytokinesis is inhibited. The total duration of recording is 34

seconds.
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Supplemental Video 3.6. Equatorial recruitment of GFP-myosin in a cell treated with
latrunculin B, despite the inhibition of furrow ingression. Equatorial myosin dots appear
to scatter over a wide region than in control cells. The total duration of recording is 4.5

minutes.

Supplemental Video 3.7. TIRF-M of an NRK cell expressing GFP-actin during the
assembly of equatorial cortex, showing dramatic fluxes of actin filaments toward the

equator.

Supplemental Video 3.8. TIRF-M of an NRK cell expressing mCherry-actin during the
assembly of equatorial cortex, showing dramatic fluxes of actin filaments toward the
equator, as well as active ruffles of a neighboring cell. The total duration of recording is

70 seconds.

Supplemental Video 3.9. TIRF-M of NRK cells expressing mCherry-actin treated with
(+)-blebbistatin (negative control, left) or (-)-blebbistatin (myosin ATPase inhibitor,
right). (+)-blebbistatin has no effect on actin flux, while (-)-blebbistatin abolishes actin

flux. Despite the inhibition of flux, equatorial actin concentration remains unaffected.

Supplemental Video 3.10. TIRF-M and the corresponding TDM of mCherry-actin in an
NRK cell treated with (-)-blebbistatin. Equatorial band appears despite the inhibition of

actin flux. Bands of de novo assembly activities are visible in the TDM image along the



equator during the first half of the recording. The total duration of recording is 75

seconds.
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Chapter IV - Post-mitotic Spreading: Role of Retraction Fibers

Abstract

Mitotic rounding and post-mitotic spreading are important events in animal cell mitosis.
It has been noticed that mitotic cells leave retraction fibers on the substrate during
rounding, however, little is known about the function of these fibers. In this study, I have
focused on the role of retraction fibers in post-mitotic spreading. I found that retraction
fibers transform directly into filopodia during post-mitotic spreading. Cells with
retraction fibers showed increased speed in post-mitotic spreading compared to cells
without retraction fibers. In addition, micromanipulation studies show retraction fibers
may guide the direction of post-mitotic spreading. I further demonstrated that focal
adhesion proteins are present at the tips of retraction fibers, where they may provide
nucleation sites for focal adhesion assembly to help rapid restoration of substrate
adhesions. These findings may suggest a general mechanism of adherent cells to facilitate

post-mitotic spreading and to quickly reoccupy their previous territory after mitosis.
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Introduction
Many adhesive cells form focal adhesions on substrates during interphase (Abercrombie
and Dunn, 1975). These adhesions help cells to anchor on the substrate and maintain a
spread morphology. During cell migration, focal adhesions form exclusively or
predominantly in protrusive regions (Sheetz et al., 1999). Some of them mature and
persist during migration, showing little mobility relative to the substrate. When finally
falling behind the tail region, persisting focal adhesions may become connected with the
cell body with a fine thread of cytoplasm referred to retraction fibers. Some focal
adhesions disassemble eventually, allowing the absorption of the retraction fiber into the
cell body, while others become detached from the cell body as adhesive fragments on the
substrate. This phenomenon has been observed with various cell types, such as fibroblasts,
macrophages, and keratinocytes (Chen, 1981; Kirfel et al., 2003; Wolfet al., 2003).

These tiny retraction fibers are not readily detectable under phase contrast
microscopy, but may be highlighted using approaches such as interference reflection
microscopy (IRM), atomic force microscopy (AFM), or electron microscopy (EM)
(Zimmermann et al., 1999; Richter et al., 2000; Kirfel et al., 2003). However, while these
approaches have allowed discovery of retraction structures in more cell types, very little
is known about their physiological functions. It is generally speculated that retraction
fibers are involved mainly in the maintenance of pre-existing substrate adhesions rather
than the formation of new adhesion sites.

Equally interesting, retraction fibers are found during mitosis, when cells undergo
drastic changes in cytoskeletal structures including the disassembly of stress fibers and

focal adhesions, detachment of cells from the substrate, and cell rounding (Yamaguchi et



al., 1997; Yamakita et al., 1999). Under favorable optical conditions, retraction fibers
may be observed surrounding mitotic cells similar to those in the tail region of migrating
interphase cells (Harris, 1973). After mitosis, adherent cells undergo rapid respreading,
re-establishing their substrate adhesions and restoring the spread interphase morphology.
These observations, however, have attracted little attention and shed little light on the
function of mitotic retraction fibers. In this study, I have probed the functional role of
retraction fibers in post-mitotic spreading and demonstrated that they guide and facilitate
post-mitotic spreading. Cell with retraction fibers showed increased speed in post-mitotic
spreading toward regions occupied by retraction fibers compared to those without
retraction fibers. In addition, traction fibers appeared to function as nucleation sites that
mediated direct reformation of focal adhesions. These findings may suggest a mechanism
that facilitates rapid restoration of interphase morphology and reoccupation of previous

cell territory after mitosis exit.
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Materials and Methods
Cell Culture and Transfection

A subclone of Normal Rat Kidney epithelial cells (NRK-52E; American Type
Culture Collection, Rockville, MD) was grown on glass coverslips in Kaighan’s modified
F12 medium (Sigma, St. Louis, MO) supplemented with 10% fetal calf serum (JRH
Biosciences, Kansas City, MO), 1 mM L-glutamine, 50 pg/mL streptomycin and 50
U/mL penicillin (Gibco, Carlsbad, CA). Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,. Transient transfection of NRK epithelial cells was
performed by nucleofection using the Amaxa nucleofector and kit R (Amaxa,
Gaithersburg, MD), following manufacturer’s protocol. After transfection, cells were
plated on glass coverslips and cultured overnight before imaging. Red fluorescent
protein (RFP)-zyxin was constructed by recloning the enhanced green fluorescent protein
(EGFP) construct (provided by Dr.Wehland J, Germany) into the pDsRed1-N1vector

(Clontech, Palo Alto, CA).

Micromanipulation and data analysis

The micromanipulation study was conducted using glass capillary tubing that was
pulled into needles with a vertical micropipette puller (David Kopf Instruments, Tujunga,
CA). The tip of the needle was then melted and shaped with a microforge (Narishige, East
Meadow, NY). A micromanipulator (Leitz, Wetzlar, Germany) was used to control the
needle to gently remove neighboring cells from a mitotic cell without affecting the
mitotic cell. Time lapse images were recorded during post-mitotic spreading. To analyze

the data, a straight line was drawn along the long axis of the mitotic cell imparting the
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cell into two equal halves, with retraction fibers on one side of the line and no retraction
fibers on the other side. The spread area on both sides of the line was then measured 5
minutes after post-mitotic spreading starts, and the ratio of the spread area was calculated.
The spreading rate was calculated by dividing the spread area with spreading time. To
study post-mitotic spreading without retraction fibers, mitotic cells were shaken off and
replated on coverslips coated with fibronectin (100ug/ml) that allows most cells attach

the substrate within 10 minutes.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in cytoskeletal buffer for 10 minutes
before staining. Samples were blocked with 1% bovine serum albumin/PBS for 15 min at
room temperature, then incubated for 45 minutes at 37°C with 1:100 dilution of primary
antibodies against paxillin (Santa Cruz Biotechnology, Santa Cruz, CA) or vinculin

(clone VIN11-5; Sigma-Aldrich).

Microscopy and Data Collection

Phase contrast images were collected with either a Zeiss Axiovert-10 or Axiovert-
200M inverted microscope (Thornwood, NY), equipped with a 40x, N.A. 0.65 or a 100x,
N.A. 1.30 phase contrast Plan-Neofluar objective lens. Interference reflection
microscopy (IRM) was performed by placing a half-reflecting mirror in the epi-
illumination path and closing down the epi-illumination aperture diaphragm, using a
Zeiss Axiovert-200M microscope equipped with a 100x N.A. 1.30 NeoFluar phase

contrast objective lens. Fluorescence images were collected with a cooled CCD camera



89

(Model NTE/CCD-512-EBFT, Princeton Instrument, Trenton, NJ, or Model DV-887-
DCS-BV, Andor Technology, Belfast, UK) and subtracted with a dark count image.
Except for linear adjustments across the entire image to optimize the display, the images

were unaltered. Data acquisition and analyses were performed with ImageJ (NIH).
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Results and Discussion
NRK cells leave retraction fibers on the substrate during mitotic rounding

Normal rat kidney (NRK) epithelial cells cultured on glass coverslips showed
numerous retraction fibers during early stages of mitotic rounding (Figure 4.1A a-c).
These fibers became difficult to detect with phase contrast optics during metaphase,
appearing predominantly as little phase-dense dots (Figure 4.1A d) that spanned the
original area before cell rounding. Under IRM, they appeared as fine fibers surrounding
some cells emanating from the cell body and forming a branched network (Figure 4.1B b
and d), suggesting that these fibers were in close contact with the substrate. Similar
retraction fibers were also observed in cells cultured on coverslips coated with fibronectin

or type I collagen (not shown).

Filopodia emerges along retraction fibers during post-mitotic spreading

By recording time-lapse images of cells undergoing post-mitotic spreading, I found
that spreading involved rapid expansion and extension of the cytoplasm toward the tips of
retraction fibers, showing filopodia-like structures along retraction fibers during the
transient state (Figure 4.2A, Supplemental video 4.1).

Retraction fibers were unlikely to be essential for cell spreading, as indicated by the
ability of trypsin-detached cells to respread without retraction fibers. However,
respreading of trypsinized cells is substantially slower, taking typically hours to reach a
steady state (unpublished observations, (Bereiter-Hahn et al., 1990)), while post-mitotic
spreading may be complete in less than 20 minutes, suggesting that retraction fibers may

play a role in facilitating post-mitotic spreading. Measurements of the rate of post-
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Figure 4.1 NRK cells leave retraction fibers on the substrate during mitotic
rounding. Time lapse sequence using phase contrast optics shows how a mitotic cell
leaves retraction fibers on the substrate upon rounding (A). Except for the tips, some
fibers become difficult to detect and appear to be severed from the cell body during
metaphase. The fibers in two different cells are more readily detectable with interference
reflection optics (B, right panel), suggesting they are in close contact with the substrate.
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Figure 4.2 Post-mitotic spreading involves rapid expansion and extension of
cytoplasm along retraction fibers toward their tips (arrowheads). Time-lapse images
show filopodia-like projections (arrows). The cytoplasm appears to flow into retraction
fibers and inflate them into broad expanses (Supplemental video 4.1). Plots of the speed
of spreading indicate a high speed of spreading before the cell border reaches the tips of
retraction fibers (average speed = 1.43+0.43um?/sec), and a much lower rate afterwards
(0.31+0.10pm*/sec) (n=13) (B). The spreading curves from 7 post-mitotic cells indicate
that the spreading speed is faster at the early stage of post-mitotic spreading than that at
the late stage of post-mitotic spreading (C).
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mitotic spreading indicated the average spreading speed was 1.43+0.43um%/sec before
the cell boundary reached the tips of retraction fibers, and dramatically reduced to
0.31+0.10pum?/sec afterwards(n=13) (Figure 4.2 B). The ratio of spreading rate before
and after reaching the tips of retraction fibers was 4.9+1.2 (n=13), suggesting that
retraction fibers facilitate post-mitotic spreading. To find out whether the spreading speed
is linear before the cell boundary reached the tips of the retraction fibers, the cell area
was plotted against time every 100 seconds during a 10 minute period of time after post-
mitotic spreading begins. The spreading curves indicate that the spreading speed is fast at
the early stage and gradually slows down at the late stage of post-mitotic spreading

(Figure 4.2C).

Retraction fibers guide the direction of post-mitotic spreading

To further understand the role of retraction fibers, I searched for mitotic cells that
showed retraction fibers only on one side of the cell and neighboring cell on the other
side. A microneedle was then used to remove carefully the neighboring cell without
damaging the mitotic cell. Small projections were first observed along all directions
during early post-mitotic spreading (Supplemental video 2). However during the
subsequent spreading cells spread towards the direction with retraction fibers. The cell
area on the side with retraction fibers and the side without retraction fibers was measured
during a 5 minute period of time after post-mitotic spreading begins. The average
spreading speed was 2.06+0.53 pm?/sec (n=11). The spread area on the side with

retraction fibers was 2.8+0.6 (n=11) times that of the side without retraction
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fibers (Figure 4.3A and B), consistent with the notion that retraction fibers accelerate
and/or guide the direction of post-mitotic spreading.

To further investigate the function of retraction fibers, I plated mitotic cells that were
shaken off from a culture dish on fibronectin coated coverslips. These cells were able to
attach and undergo mitosis, cytokinesis, and post-mitotic spreading without retraction
fibers. However, their spreading speed averaged 0.35+0.27pm?/sec (n=9), much slower
than cells with retraction fibers, and similar to that after the cell boundary reached the tip
of retraction fibers during normal post-mitotic spreading (Figure 4.3C). These results

further support the idea that retraction fibers facilitate post-mitotic spreading.
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Figure 4.3 Retraction fibers guide the direction of post-mitotic spreading. A mitotic
cell with retraction fibers on only one side of the cell (A, a, arrows) is removed of the
neighboring cell on the other side (A, b, asterisk) with a microneedle. The lack of
retraction fibers on the lower side is confirmed by the lack of phase-dense dots that mark
the tips of retraction fibers. Post-mitotic spreading was compared in the same cell on both
sides (A, c,d,e,f). The spread area on the side with retraction fibers was 2.84+0.6 (n=11)
times of that on the side without retraction fibers (B). Supplemental video 4.2 shows the
corresponding movie. To further compare post-mitotic spreading in different cells with or
without retraction fibers, mitotic cells were shaken off and then plated on fibronectin
coated coverslips. Their post-mitotic spreading speed averaged 0.35+0.27um?/sec (n=9),
much slower than normal cells with retraction fibers (1.43+0.43 umz/sec) (O).
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Retraction fibers help mitotic cell reclaim its space by facilitating post-mitotic
respreading

It is tempting to speculate that retraction fibers may further play a role in inhibiting
the spreading of neighboring cells into the area occupied by the mitotic cell prior to
mitotic rounding, similar to contact inhibition of migration. However, I found that the
neighboring cells were able to move into the area covered by retraction fibers (Figure
4.4), by extending large lamellipodium over retraction fibers and overtaking the original
space of the mitotic cell (Supplemental video 4.3). However, rapid respreading along
retraction fibers allowed post-mitotic cells to reoccupy its previous space rapidly, forcing
the neighboring cells to retreat (Figure 4.4). This result suggests that retraction fibers are
involved in maintaining the space and restoring the spread morphology of post-mitotic

cells.

Retraction fibers act as nucleation sites for the rapid restoration of focal adhesions
during post-mitotic spreading

Mitotic rounding and post-mitotic spreading involve disassembly and reassembly of
focal adhesions (Yamaguchi et al., 1997; Yamakita et al., 1999). As retraction fibers
remain associated with the substrates, I examined their relationship to focal adhesions
during post-mitotic spreading. Immunofluorescence staining of mitotic cells for focal
adhesion marker proteins indicated that several focal adhesion proteins including paxillin,
vinculin and zyxin are present at the tips of retraction fibers (Figure 4.5 and 4.6).

To study the dynamic process of focal adhesion reassembly during post-mitotic

spreading, I took time-lapse images of RFP-zyxin expressed in motitc cells. Nascent focal
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Figure 4.4 Retraction fibers cannot prevent neighboring cells from moving into the
space left by mitotic cell, but help post-mitotic cells regain their space. The tips of
retraction fibers are visible as phase dense dots (arrowheads). The mitotic cell and its
retraction fibers are indicated by yellow circles. Large lamellipodium of neighboring cells
(a,b,c, arrows) move into the space covered by retraction fibers left by mitotic cell.
However, when the post-mitotic cell respreads, it quickly reoccupies its space and forces
the neighboring cells to retreat (d,e, arrows), reaching the border as defined by the tips of
retraction fibers. Supplemental video 4.3 shows corresponding movie.
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adhesions grew directly from zyxin dots at the tip of retraction fibers (Figure 4.6,
Supplemental video 4.4), suggesting that retraction fibers may act as nucleation sites for
the rapid restoration of focal adhesions and the spread interphase morphology of adherent
cells. Thus unlike interphase cells where the formation of focal adhesions was coupled to
protrusive activities, retraction fibers may help post-mitotic cells reassemble their

adhesions through existing structures.

One question is that this study is based on cells grown on planar 2D tissue culture
substrates; however, the in vivo environment is three-dimensional extracellular matrix
(ECM). It’s interesting to ask whether retraction fibers also exist in cells cultured in 3D
matrices and whether they play a similar role. Molecular composition of 3D-matrix
adhesions includes many proteins observed in 2D focal adhesions and fibrillar adhesions,
such as a5-integrin, paxillin, vinculin, tensin, talin and focal adhesion kinase (FAK)
(Cukierman et al., 2001). It is challenging to image the cell interactions with ECM in 3D
matrices because of the increased depth and complexity of the 3D environment. One
approach is to use two-photon microscope that permits higher resolution in 3D imaging.
Another approach is to use a 3D culture system that can be imaged using conventional
microscopy. In this lab we have established a 3D model by culturing cells between the
gaps of two glass coverslips coated with ECM proteins (Beningo et al., 2004). This 3D
model allows a moderately high resolution using conventional microscopy.

In conclusion, retraction fibers may provide structural support and facilitate rapid
post-mitotic spreading. The function of these structures may not be limited to post-

mitotic spreading, and may have broader implications in the basic mechanism of cell-
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substrate interaction and cytoskeleton reorganization. The future direction is to study

retraction fibers and their role in post-mitotic spreading in 3D models.
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Figure 4.5 Focal adhesion proteins are concentrated at the tip of retraction fibers.
The phase dense tips of retraction fibers (arrows, left panel) shows a concentration of
paxillin (upper panels) or vinculin (lower panels) in immunostaining images (arrows,
middle and right panels).
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Figure 4.6 Focal adhesions grow directly from the tips of retraction fibers. A mitotic
cell expressing RFP-zyxin shows dots of zyxin at the tip of retraction fibers (A, enlarged
views of the area in yellow box over time is shown in B). Time-lapse images of RFP-
zyxin show focal adhesions growing directly from the dots during post-mitotic spreading
(B, arrows). Interestingly the process involves forward extension of linear structures.
Supplemental video 4.4 shows corresponding movie.
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Chapter V - Discussion

Cytokinesis is a significant problem not only because it is a fundamental question in cell
biology, but also because accumulating evidence indicate that defects in cytokinesis can
lead to cancer and possibly other diseases (Barr and Gruneberg, 2007). The mechanism
of cytokinesis has attracted the attention of cell biologists during the past two decades.
While discoveries have been made, new knowledge continues to uncover new questions
that need to be answered.

The main focus of this thesis is the dynamics and function of actin and myosin II
during cytokinesis. The first project is to study the role of myosin I motor activity in
cytokinesis using primarily drug treatment. The major conclusion is that myosin ATPase
is required for actin dynamics and disassembly in the cytokinetic furrow. In addition,
myosin II likely plays a global role throughout the cortex since localized inhibition of
myosin II in both the furrow and polar region causes defects in cytokinesis. Interestingly,
myosin II motor activity is not required for actin concentration in the furrow. These
findings reveal new roles for myosin II, and raise more questions that lead to my second
project.

The second project uses improved imaging techniques, the total internal
fluorescence microscope (TIRF-M) to examine dorsal cortical dynamics during early
cytokinesis. The quality of TIRF image is much better than that of conventional light
microscopes, allowing the detection of fine cortical structures. Time-lapse sequences
indicate that no cortical flow of myosin is observed on the membrane in contrast to a
prominent actin flux during cytokinetic furrow assembly. Myosin II disassembly or

dissociation appears to be inhibited in the equatorial region, which accounts at least
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partially for its equatorial accumulation. Inhibition of myosin II motor activity inhibits
actin flux but does not inhibit actin concentration in the equator, suggesting multiple
mechanisms for actin recruitment to the furrow. In addition, myosin II recruitment in
early cytokinesis is actin independent, while maintenance of its organization at later stage
requires actin filaments.

It would be of interest to discuss these results in relation to a few published and
unpublished findings. First is the dynamics of cortical myosin II during mitosis and
cytokinesis. Myosin II filaments appear to cluster in small dots that associate with the
membrane after cell rounds up. Although there is no long-range lateral movement, these
structures appear to be very dynamic and remain in focus only for seconds to tens of
seconds. It remains to be determined how they form these structures, associate with the
cortex, interact with other cortical molecules, and dissociate from the membrane. In
addition, while the distribution and concentration of cortical myosin II do not show
obvious change from prometaphase to metaphase, the cortex becomes unstable and
displays sporadic and randomly localized patches of myosin II immediately after
chromosome segregation. This event is transient, subsiding quickly when a visible
myosin I band appears along the equator. This observation may reflect a transition of the
cortex from metaphase to anaphase, driven possibly by the localization of ring assembly
signals from a diffuse distribution in the cytoplasm or cortex to the equatorial region.
Such transition could be mediated by the polymerization and elongation of microtubules
that eventually interact with the cortex and regulates cortical activities. A combination of
local and global treatments of nocodazole or taxol may provide evidence for the role of

microtubules in cortical myosin II activity.
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Also of interest is that treatments with Y-27632 or Blebbistatin, both affecting
myosin II activities, result in different responses. Y-27632 inhibits both myosin II
phosphorylation and ATPase activity while blebbistatin only inhibits ATPase activity. It
appears that Y-27632 inhibits myosin II cortical association, while blebbistatin to the
contrary strengthens myosin cortical association and inhibits myosin disassembly and
dissociation from the cortex. This difference demonstrates different roles of IMLC
phosphorylation and ATPase in the regulation of myosin dynamics, which may be related
to the folded conformation of myosin II with dephosphorylated rMLC

The second question of major interest concerns the organization of the actomyosin
ring and the associated challenge in imaging the ingression process. The structure of the
equatorial actomyosin ring and the mechanism of equatorial ingression are still poorly
understood. TIRF-M allowed high resolution observations only during the early stage of
cytokinesis, before the cell cortex becomes too far from the substrate for the evanescent
wave. However, it is plausible to use TIRF-M to image the ingression process for a
limited time before the dorsal cortex detaches from the substrate (unpublished
observation). Additional challenges arise from the crowding of structures as the
equatorial region becomes increasingly dense during ingression. Potential solutions to
extend the period of observation include expressing a lower amount of proteins and to use
alternative optics such as two-photon excitation, which may also address the possibility
of vertical movements of the cortex. Other molecules present in the furrow cortex, such
as alpha-actinin and anillin, may also serve as useful markers for imaging.

The third question of interest is the role of RhoA in cytokinesis. A puzzle is that in

NRK cells injected with RhoA inhibitor C3, there is no apparent actin or myosin



concentration in the equator, yet most cells are able to elongate and cleave in the middle.
What is then the mechanism that drives the ingression without a detectable contractile
ring? Traction forces generated by the two daughter cells in opposite directions were
suspected previously (O'Connell et al., 1999). However, treatment with Y-27632 is
known to cause strong inhibition of traction forces (Beningo et al., 2006). While there
may be residual traction forces sufficient for the ingression, other possibilities should be
considered. For example, in C3 treated NRK cells, the equatorial cortex appears to be the
weakest part as suggested by the weaker staining of actin filaments than other regions of
the cortex. Is it possible that, in the presence of a weakened equatorial cortex, the
combination of cell elongation and outward expansion of polar cortex due to post-mitotic
spreading is sufficient to cause a net collapse in the middle of the cell? Could a similar
mechanism play a role during normal cytokinesis? Answering these questions requires
addressing another, more fundamental question: how is the cell cortex modulated and
deformed upon mitotic exit. As observed in most rounded mitotic cells, the cell body first
elongates before cleavage furrow appears in the middle. In addition, when using Cdk1
inhibitors to induce precocious cytokinesis in Hela cells, low doses of the drug can
actually induce the elongation of the cell body without inducing cytokinesis (unpublished
observation). Is it possible that polymerization of astral microtubules pushes the polar
cortex outward and leads to elongation of the cell body? Different types of adherent cells
should be examined to determine if such actomyosin independent ingression is a
universal event.

Cytokinesis is finely regulated both spatially and temporally. Future cytokinesis

study will need experiments performed at a high spatial and temporal resolution to help

111



understand the mechanism (Wang, 2005). New techniques of microscopy and image
analysis are being developed continuously. However, few of them have been applied to
cytokinesis. Future advances will likely require a combination of microscopy,

micromanipulation and molecular biology.
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