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CHAPTER1

INTRODUCTION

Cell cycle andgenome maintenance

The cell represents the simplest unit that is able to satisfy all of the characteristics of life
includingthe ability to use energy, maintain homeostasis, respond to the environment, grow and
reproducgCampbell et al., 2004)Cells function as the building blocks for all known lifeforms;
they can proliferate as single cells or construct tissues and multicellular orgé@msmgbell et
al.,, 2004) The capacity of the cell to pass on hereditary inftionathrough reproduction
differentiates life from other natural processes and makes the cell the smallssisteifing
vehicle for the genom@lberts et al., 2008) The fAcell cycleo refers
reproduction that allow cells teansfer genomic information to their progeny. The eukaryotic cell
cycle is comprised of four phases: two growth phases, an intervening DNA synthesis phase, and
M phase, which is comprised of nuclear division (mitosis) and cytoplasmic division (cytskinesi
(Alberts et al., 2008) Mitosis itself is also divided into phases. These are based on the cytological
changes that occur as the genome is segre@@ietiming, 1965) Chromosome condensation,
nuclear envelope breakdown, and formation of the mitqtindde occur during prophase and
prometaphaséAlberts et al., 2008) The mitotic spindle aligns duplicated chromosomes at the
cell equator during metaphase in preparation for segregadegpoor, 2017)and the genome is
physically separated during anapeavhen sister chromosomes are pulled gpatiury, 2017)

The final step of mitosis is telophase; the chromosome&sdense and the nuclear envelope re
forms around each copy of the genofAtberts et al., 2008) Anaphase and telophase are closely

coupled to cytokinesis, which cleaves the cell to create two distinct dau@f@teesn et al., 2012)

1



The cell cycle is a carefully orchestrated sequence of events that is controlled temporally
by a series of biochemical switch@surse, 200Q) Theserequat ory ficheckpoi nt s
phase of the cycle is complete before continuing, and that the cell cycle only progresses in one
direction(Nurse, 2000; Reed, 2003Lell cyclecheckpointdunctionto maintain the integrity of
the genome and promote acate chromosome segregatigtoeijmakers, 2009) Erroneous cell
cycle regulation can have potentially disastrous effects on cell viability and health of an organism.
If cells attempt to enter mitosis before completing DNA synthesis, daughter cells iaheri
incomplete genome, resulting in cell dedltyson and Novak, 2008) Alternatively, genome
duplication in the absence of mitosis causes polyploidy, or too many copies of the géodere
2008) Progeny can also inherit an abnormal number of chrsomes, termed aneuploidy, if sister
chromosomes are missegregated during anapléessd and Khodjakov, 2015jue to faulty
connections between duplicated chromosomes and the mitotic sfitudlend and Cleveland,
2012; Rode et al., 201.6Notably, aneupidy is a hallmark of cancer cells indicating that accurate
transmission of the genome is essential for the homeostasis of multicellular orgéhasiausd
and Cleveland, 2012; Nojima, 1997; Rode et al., 20B)en if dividing cells successfully pass
eah cell cycle checkpoint, daughters can still become polypoid if cytokinesigStigemann et
al., 2009) Failure to cleave the cytoplasm results in a doubling of the genome, making cells
susceptible to chromosome missegregation in future cell c{@lesn et al., 2012; Holland and
Cleveland, 2012) In this way cytokinesis can be regarded as the culmination of the preceding cell
cycle events and also as the linchpin for genomic maintenance and heredity. If the final step of

cell division fails, thecareful orchestration of the cell cycle is for naught.



The cytoskeleton

If the cell isthe smallestsedfu st ai ni ng vehicle for the geno

is the undercarriage or chassis that supports that vehicle. The cytoskeletes arrame that
determines cell shape, provides a scaffold to organize cellular contents, and harnesses energy to
generate mechanical for¢alberts et al., 2008) Unlike a chassis, the cytoskeleton is not a static
structure, and a number of cellular pesses require dynamic rearrangements of cytoskeletal
networks(Goode et al., 2000)Cell division is one such process, as chromosome segregation and
cell cleavage require the forgenerating activities of the microtubule and actin cytoskeletons,
respedwely (Eggert et al., 2006) In eukaryotes, actin and microtubules, along with their
associated regulatory proteins, are the most thoroughly studied cytoskeletal networks, and are the

primary focus of this study.

Actin

Actin filaments (Factin) are ptymeric structures assembled through the Headil
assembly of actin monomers (globular ea@in) (Mitchison, 1992) Actin is an inherently polar
filament with a barbed (plus) end, which is the preferred site of monomer addition, and a pointed
(minug end, the site of disassemifiberts et al., 2008) G-actin is an enzyme that hydrolyzes
ATP as it polymerizes and at steady state, plus end growth is matched to minus end disassembly,
a phenomenon termed treadmilli(yang, 1985) A single actin filanent is thin and flexible as
it is made of only two protofilaments wound around each diigchison, 1992) however, actin
can contribute to largscale force generation by assembling into more complex g#agza and
Zallen, 2011) The organization foactin in the cell is regulated by nucleation factors which

promote the assembly of branched or linear actin af@au and Waterman, 2015formin



mediated nucleation creates arrays of linear actin, which can exist as polarized bundles, with all
barbel ends pointing in the same direction, or as-polar arrays, with barbed ends pointing in
opposite directiongAlberts et al., 2008) The cell 6s abil i tagtinis o mod
essential for a wide variety of cellular functions and thesetifums can be probed using small
molecules that induce-&ctin disassembly, such as cytochalas{CBnini et al., 1998; MacLean
Fletcher and Pollard, 1980)

While actin filaments can generate force on their own, by treadm(Ridiey et al., 2003)
actin can also work with molecular motors to produce forces that alter cell €bapgeer, 200Q)
The myosin superfamily of proteins is an important component of the actin cytoskeletal network
and myosin proteins carry out a number of diverse, #etged cdlilar processes including muscle
contraction, cell migration and cleavage furrow ingres@édiberts et al., 2008) To facilitate such
processes, myosin hydrolyzes ATP to generate force on -HwirF network(Houdusse and
Sweeney, 2016)The role of actanyosin force generation in cells can be observed using
blebbistatin, a small molecule inhibitor of raruscle myosin(Straight et al., 2003) Force
generation by myosin motors is intrinsically linked to the geometry of thetiR network. For
examplepolarized actin bundles in sarcomeres are optimized forramge contractiofAlberts
et al., 2008while branched actin structures in the lamellipodia are tailored to cell mig(&kan
and Waterman, 2015)The cytokinetic contractile array is oneaexple where the relationship
between Factin geometry and myosin force generation is not well understood. Formins promote
assembly of linear actin filaments, of mixed polarity, within the contractilgd@ngen et al., 2012)
and how myosin generates fescon these filaments to promote cleavage is a subject of intense
debate(Murthy and Wadsworth, 2005) Models for actemyosin contraction during furrow

ingression are discussed below.



Microtubules

Microtubules (MTs) are cylindrical, miniature tubess s embl ed from heter
a n dtublin (Alberts et al., 2008) Similar to actin, MTs are polar polymers with a fast growing,
dynamic plus end, and a slow growing minus @vidchison, 1992) MTs switch between states
of growth and shrinkage,apm o menon t er med Bloyhard,201%; Mitcmsert a b i | i
and Kirschner, 19843nd this property distinguishes MTs from actin. At steady state individual
MTs within a population can exist in a state of growth or shrinkidgstofferson et al., 19%) and
these parameters of dynamic instability are modulated by MT regulatory pr{Bzomshard,

2015) Compared to actin, MTs are sturdier filaments that can withstand greatgiMadnteson,

1992) due in part to their hollow structure and the fawtta MT is built from thirteen
protofilaments held together through lateral fwovalent bondgAlushin et al., 2014) Cellular
organization of MTs is generally controlled by Mfganizing centers (MTOCSs) such as the
centrosomé&Mcintosh and Hays, 201&)hich anchors MT minus ends. If MTs are anchored at
both ends, filaments can undergo a process termed flux, whereby plus end growth is coordinated
with minus end disassemb(Mlitchison et al., 1986) Flux is distinct from treadmilling in that the
individual tubulin subunits move within the MT towards the minus(&tnirasu et al., 1999)

MTs can generate force in two ways: polymerization produces pushing forces, and
depolymerization creates pulling forcésoue and Salmon, 1995) Both force generation
mechanisms occur during nuclear division, as depolymerizing MTs segregate sister chromosomes
and plus end polymerization in the cell center pushes chromosomes furthéAapary, 2017;
Scholey et al., 2017)Polymerizing MTs can produce force as tigeyw against a barrier through
At her mal (Joglekar eted.,i 201@9)@nd energy released during disassembly allows

depolymerizing MTs to do workCaplow et al., 1994) Similar to actin, tubulin dimers also



hydrolyze nucleotide upon incorporatianta the filament. GT#y dr ol y s isuunibig t he
coupl ebdndt @ oan f fo r ma (Alushim et bl., 20 Ehitlgpeoduces strain and makes
MT depolymerization energetically favorable. The growing plus end is protected against
depolymerizatiorb y a cap o f -bdurdttubuiin(Athdrts &t al. Z00B; Nogales et al.,
1999)and the loss of this stabilizing cap is rapidly followed by disasse(®vtyuhard, 2015;
Desai et al., 1999; Howard and Hyman, 2003p study the role of MT dynamics aells, MT
stability can be modified pharmacologically. Taxol, for example, stabilizes MTs by binding the
lattice (Kellogg et al., 2017)and nocodazole destabilizes MTs by sequestering tubulin dimers
leading to the loss of the stabilizing cépu et al.,2011) Exposure to cold temperature also
induces disassembly, by slowing monomer addition at the growing end, and has been classically
used to assay the stability of discrete MT populations in (@fiekley and Cartwright, 1975)
Proteins that assate with MTs can also modulate dynamics and the majority of those
alter growth and disassembly at the plus @lderts et al., 2008) These same factors also control
the organization and stability of the cellular MT network. Proteins that interactthvetiMT
cytoskeleton can be divided into two major classes:-emmymatic MTFassociated proteins
(MAPs), and ATPhydrolyzing molecular motors, including ptesid directed kinesin, and mirus
end directed dyneifWittmann et al., 2001) MAPs organize the MTEytoskeleton in cells by
regulating dynamics, crodmking MT bundles, and mediating interactions with other cellular
proteins(Andersen, 2000)During anaphase, protein regulator of cytokinesis (PRC1) stably cross
links antiparallel MTs to build the spdle midzongKellogg et al., 2016) This MAP is proposed
to function by switching from a flexible to rigid state upon interaction with two {KEflogg et
al., 2016; Subramanian et al., 201The kinesin superfamily of proteins constitute a classf M

based molecular motors that couple ATP hydrolysis to mechanical force, and these forces organize



and remodel the MT cytoskeleton. For example, the himtmameric kinesin Eg8Avunie-Masala

et al., 2011; Zhu et al., 2005p)omotes mitotic spindle assbiy by sliding antiparallel MTs
(Kapoor, 2017) Nonmotile kinesins can also use ATP to alter MT dynamics. Theski13

family of proteins, including MCAK and Kif2a, destabilize MTs by inducing curvature at the
protofilament endHirokawa and Takemuy2004; Manning et al., 2007; Walczak, 2003; Walczak

et al., 2013) Finally, MTs can serve as tracks for kinesin motors to transport cargo. As cells exit
mitosis, mitotic kinesidike protein 1 (Mklp1) and mitotic kinesilike protein 2 (MKkIp2) transport
factors needed for division plane specification and cleavage furrow ingression to MT plus ends
(Neef et al., 2006) The relationship between MTs and their associated proteins is essential to
build, maintain, and remodel cytoskeletal arrays.

A number @ cellular structures are built from MT arrays, and one of the most iconic is the
MT-based mitotic spindle. The spindle is a cellular machine which aligns and segregates sister
chromatidgMclIntosh and Hays, 2016pade of highly dynamic MT@Mitchison andKirschner,

1984) The mitotic spindle is a bipolar structure comprised of three major classes of MTs, all of
which have minus ends embedded in the centros@vhasatosh and Hays, 2016)The first class

of MTs interacts with centromeric chromatira the kinetochore (KMTs) and function to align
chromosomes at the cell equator and segregate sister chromatids during af#egihage2017)

The bulk of the bipolar spindle is comprised of interpolar MTs (iMTs) which invade the spindle
but do not interact wh the kinetochoréMastronarde et al., 1993)Finally, astral MTs extend to

the cell cortex and are necessary to maintain spindle orientation during chromosome alignment
(Grill and Hyman, 2005) These spindle MT subsets all have essential roles duriagionexit as

well, and those functions are discussed below.



Cytoskeletal coordinationunderlies cellular functions

The actin and MT cytoskeletal networks have long been studied independently and the
function of proteins that regulate dynamics andaaigation are wellinderstood within a single
filament system. The cell, however, uses both actin and MTs to facilitate processes that are
essential for life, and many of these events rely on the coordinated activity of actin and MTs
(Goode etal.,, 20000For exampltk ans pdu b angfdrd, MISRccucsltheoagh
cooperative activity of molecular motors on both cytoskeletal filam@esashski et al., 1997,
Huang et al., 1999)Actin and MTs are also both required to drive cell migratisTupting either
filament system impairs cell motilitfBallestrem et al., 2000; Ridley et al., 200@ytoskeletal
cooperation is also central to chromosome alignment and segregation during mitosis. During
metaphase, myosihO tethers astral MTstotleeo r t i c a | actin Acloudod and
to position the centrosomes and orient the mitotic spifkien et al., 2015) While this type of
cooperation is mediated by a physical interaction between actin and MTs, the cytoskeleton can
also funtionally coordinate the activities of actin and MTs through signaling or cytoskeletal cross
talk (Goode et al., 2000) One example of this occurs when cells specify the cleavage plane as
they exit mitosis. As cells enter anaphase, Mklpl uses MT traakait@r signaling factors to
the cortex that promote assembly of the contractile §Mashima, 2016) Cytoskeletal crostalk
has also been proposed to promote the formation of the spindle mi@ansanti et al., 1998;
Hu et al., 2008although themolecular factors that mediate this signaling have not been identified.
Investigating how actin and microtubules work together to carry out cellular functions is

fundamental to understanding how the cell accurately divides the genome.



Mitotic exit

Together, the stages of anaphase and tel opl
phases are linked in space and time to cytokinesis, which divides the cytdQesen et al.,
2012) Mitotic exit is triggered by a biochemical switch that idelgs the cell cycle regulator
cyclin B(Tyson and Novak, 2008nd represents a distinct mitotic state. Importantly, mitotic exit
can be uncoupled from cytokinesis, using perturbations that block cleavage furrow ingression
(Straight et al., 2003)Cellshave a limited window in which the furrow is competent to contract,
referred to as C phag€anman et al., 2000and should cells pass this window without cleaving
they will re-enter interphase as a binucleate cell. While the steps of mitotic exiedamlken
down into the classicallyecognized stages of anaphase, telophase and cytokinesis, cells can also
be classified with respect to the state of cleavage furrow ingression during C phase [fpst
cleavage furrow ingression), or with respecti® time spent exiting mitosis (early or late mitotic

exit).

Anaphase A

Satisfaction of the spindle assembly checkpoint during metaphase triggers the physical
segregation of sister chromosomes. The first step of this process, anaphase A, is marked by
chromosomes moving towards each end of the spiAdibury, 2017) In animal cells, poleward
directed movement is largely due teNKT depolymerization, and chromosomes are observed to
move with the centromere leading and arms trailMgzia, 1961) As evidence thakinetochors
link chromosomes to segregation forces during anaphase, laser ablation of the kinetochore results
in chromosome dAdrifto and alMcNeillsaideBsrnspl®8l)e war d

After loss of sister chromosome cohesiomm@éphase onset, kinetochores remain stably coupled



to depolymerizing MTs which powers chromosome segregéowers et al., 2009)While K-

MTs are known to undergo flux within the mitotic spindle, it remains unclear whether this
contributes to anaphasaromosome segregation in animal céesai et al., 1998; Ganem et al.,
2005; Manning et al., 2007; Waters et al., 1996)

As sister chromosomes segregate, the mitotic spindle is dramaticaligarized to form
the spindle midzone (also known as tbentral spindle). KMTs depolymerize, pulling
chromosomes apart, and iMTs template the formation of the midzone, an arraydrathél
MTs with overlapping plus endMastronarde et al., 1998)at acts as barrier between segregated
chromatids(Straight et al., 2003) While the midzone is templated by iMTs, its formation is
regulated by factors that are distinct from those required to build the s@@idteer, 2009) For
example, the midzone MT plus end overlap is clivded by PRC1. The locaktion of PRC1 to
midzone MTs is regulated by Peli&e kinase 1 (Plk1), which prevents PRC1 from binding iMTs
in the mitotic spindle, and ensures that midzone formation does not occur until mitotiduesit
al.,, 2012) PRC1 also regulates midzone ldéngt concert with the kinesin Kif4fNunes Bastos
et al., 2013; Subramanian et al., 2013)

In addition to the midzone, the C phase MT array includes astral MTs that emanate from
the centrosomes and project towards the presumptive cleavage furrowienawfafred to as
furrow-associated astral MTi8ringmann and Hyman, 2005; Dechant and Glotzer, 2003
geometry of furrowassociated astral MTs is céyipe dependent. For example, in Ptk1 cells, astral
MTs straight and angled towards the divisidang relative to the spindle axi€anman et al.,
2003) In HelLa and RPH cells, furrowassociated astral MTs are less pronounced, and resemble
the geometry of the midzone MT array as they curve and then run parallel to the spindle axis and

the cortexMishima, 2016; Rankin and Wordeman, 201Q)assically, these MTs are thought to
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position the division sit@Pollard, 2003)although more recent studies suggest that midzone MTs
and astral MTs work together to specify placement of the cleavage f(Egusrt et al., 2006)
The redundancy for division plane specification can potentially be explained by factors that

localize to the plus ends of both MT subsets.

Figure 1.1 Models for furrow-associated astral MT arrangements A, B) Diagram of midzone MTs
(green), astral MTs (purple), chromatids (blue), and cortical actin (red) in a C phase cell. In A) astral
MTs emanate from the centrosomes and run parallel to the midzone and the cortex with overlapping
plus ends. In B) Astral MTs are angled relative to the midzone and the plus ends terminate at the cell
cortex.

One such factor that localizes to the plus ends of midzone and fassoeiated astral
MTs is centralspindlin, which is required for both midzone organization and cytoKikésigma
et al., 2002; Raich et al., 1998Lentralspindlin is a complex of the plus end directed, kir@sin
motor, MKkIpl (Kif23), and the Rho GTPase activating pro{g&®P), MgcRacGAP (CYK4)
(PavicicKaltenbrunner et al., 2007)Mklp1l bundles artparallel MTsin vitro (Davies et al.,
2015; Zhu et al., 2005aNhich may explain role of centralspindlin in midzone organization. The
anaphase localization of these prageis interdependent; depletion of either in cells abolishes
midzone targeting of its partngiPavicicKaltenbrunner et al., 2007; Tao et al.,, 2016)
Centralspindlin targeting to furroassociated astral MT plus ends is required to recruit the Rho

guaninenucleotide exchange factor (GEF), ECT2, to the cell eqktishima, 2016; Su et al.,
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2011) Recruitment of ECT2 locally activates RhoA, triggering downstream signaling that leads
to assembly of the contractile array and cleavage furrow ingregdiokgenko et al., 1999)

A second essential anaphase transporter is the plus end directed kinesin Mkip2 (Kif20A)
which targets the Chromosomal Passenger Complex (CPC) to C phase MT pl(Srandberg
et al., 2004; Neef et al., 2006)Cells depleted of Kp2 fail to complete cleavage furrow
ingression, suggesting that Mkha2pendent transport of the CPC is essential for cytokinesis
(Kitagawa et al., 2013) The CPC regulates a number of processes during mitoti(Gatinena
et al., 2012)and its localiation to the cell middle is critical for carrying out these functions
(Afonso et al., 2014; Fuller et al., 2008).ike centralspindlin, recruitment of the Mkhg2PC
complex isinterdependenf{Gruneberg et al., 2004; van der Horst et al., 2Gik%) cell cgle
regulated. Cdkl1 phosphorylation prevents Mklp2 from associating with the spindle until after
cyclin B degradation ensuring that motor transport and CR@adling from the centromere are
coordinatedKitagawa et al., 2014; Malumbres and Barbacid,2200MkIp2 is also known to
bundle MTsin vitro (Neef et al., 2003)suggesting it may also be involved in organizing the

midzone MT array.

Anaphase B

After midzone formation and division site specification, the central spindle elongates,
further segrgating sister chromosoméScholey et al., 2017)While sister chromatid segregation
during anaphase A occwi K-MTs pulling forces, chromosome segregation during anaphase B
relies on pushing forces generated by midzone MT polymeriz¢diaxton and Mintosh, 1987)
Microinjection of fluorescent tubulin in Ptkl cells demonstrates that the bulk of microtubule

growth during C phase occurs at the plus end ov€8apton and Mcintosh, 1987Yhis plus end
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growth is thought to be coupled to mettependenMT sliding (Cole et al., 1994; Hogan et al.,
1993) however, the molecular motors that drive spindle elongation in mammalian cells have not
been characterized. The most likely candidate to slidepargilel MTs is EQ§Avunie-Masala

etal., 2011; Zhet al., 2005h)although, in animal cells Eg5 has been shown to function as a brake
that slows midzone elongati¢@ollins et al., 2014) Small molecule inhibition of Eg5 also does

not disrupt elongatio(Kapoor et al., 2000)making the role of Eg5 dugranaphase B unclear. It

is possible that multiple motors work to drive spindle elongation in mammalian cells, as has been
observed for mitotic spindle assem8turgill and Ohi, 2013) Midzone MTs are also known to
undergo flux during anaphase B, biag trole that flux plays in pushing sister chromosomes apart

is not well understoo@BrustMascher et al., 2004)Cortical pulling forces,generated through
dynein acting on polar astral MT®almer et al., 1992)ould serve as a third mechanism to
elongate the central spind(@ist et al., 1991; Fink et al., 20Q6)owever, this is largely unexplored

in tissue culture cells.

As the cleavage furrow ingresses the midzone MTs become bundled and eventually
coalesce to form the midbodyHornick et al., 2010 The mechanism of bundling during
ingression is not well defined, although it has been shown that midzone MTs become resistant to
nocodazole and presstreluced disassembly after furrowirfglu et al., 2011; Salmon et al.,
1976) indicating they are higy stable. The midbody is a highly conserved structure made of
densely packed MTs that creates an intracellular bridge between the two daugh(Eggeliset
al., 2006; Otegui et al., 2005; Straight and Field, 20@oteins localized to the midzopkis
end overlap become incorporated into the midbody after coales@@luteer, 2009) Midbody
formation is followed by abscission, the final step in cell division, which severs the intracellular

bridge between the newly formed daughter g@llashe etl., 2017) Abscission is regulated by
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CPCGdependent recruitment of ESCRT protgi@apalbo et al., 2016; Fung et al., 2Q1af)d thus
represents the final checkpoint of the cell cybtlahse et al., 2017)Midbody MTs are thought to
be required for theocalization of abscission factofEggert et al., 2006nd for transport of new
membrane vesicles to the cut gi@nger and White, 2002however, other functions of midbody

MTs are still under investigation.

Cytokinesis

Once the duplicated genonies been segregated to opposite spindle poles, cellular
division produces two daughter cells. Cytokinesis requires cortical remodeling to facilitate the
changes in cell shape that underlie cleavage furrow ingreSreen et al., 2012) Positioning
the division plane is an essential part of completing the cell cycle. Cleavage always occurs
perpendicular to chromosome segregation, and generally at the cell equator, although asymmetric
cell division occurs in some cell typéSggert et al., 2006) Threemajor models account for
cleavage plane specification, and all of these models theorize thatepBindent signaling
positions the furrow. Thpolar relaxationmodelhypothesizes that astral MTs extending toward
the polar cortices negatively regulate cantility, thereby indirectly stimulating ingression in the
cell centeCanman et al., 2003)rheequatorial stimulation modellso implicates a role for astral
MTs, although it suggests that astral MTs at the cell equator promote cont(itisbima, 216;
Rappaport, 1961) The midzone stimulation modglostulates that midzone MTs define the
division site by propagating signaling to the cortex along the plus end oyddapen et al., 2014;
Wheatley, 1999) Currently, it is thought that all three nedsl contribute to cleavage plane
specification, although only the molecular players for equatorial and midzone stimulation have

been definedEggert et al., 2006; Green et al., 2Q12)
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Assembly of the contractile array at the division plane is largelgiated through the
GTPase RhoABement et al., 2005) In fact, local activation of RhoA can induce transient
furrowing regardless of cell cycle stdi#@/agner and Glotzer, 2016} ike other GTPases, RhoA
activity is controlled by regulatory proteins: MgatGAP, part of the centralspindlin complex,
and the RheGEF, Ect2(Fededa and Gerlich, 2012Recent studies suggest that cycling RhoA
activation and actin polymerization indicate that the cortex of a dividing cell is an excitable
medium(Goryachev et al.2016) RhoA stimulates formidependent nucleation of actin at the
division site, and initiates a signaling cascade that leads to myapéhdent furrowinfFededa
and Gerlich, 2012) Rhoassociated protein kinase (ROCK) activates myosin contradiy
simultaneously phosphorylating myosin light chain and inhibiting myosin phosphatase
(Matsumura, 2005)

The mechanical forces that drive cleavage furrow ingression are generated by myosin Il
crosslinked to actin at the equatorial cortex. Whelryosin |l activity is blocked, using
blebbistatin, cleavage furrow ingression hgBsraight et al., 2003) The mechanism of force
generation is still not well understood, due in part to competing models for how actin and myosin
are oriented in the rindeggert et al., 2006)Current models include tipeirse string modeivhere
parallel actin filaments are proposed to slide past one another as the furrow(Midees2011;
Schroeder, 19729nd thegelation contraction modevhich hypothesizes that ramahly oriented
actin filaments form a fgel o(Fetedaand Gayioh,2012) | |
It is known that the concentration of actin in the ring remains the same as the cleavage furrow
ingresses, as opposed to muscle sarcomeres whkicthicker (becoming more concentrated) as
they shorten(Pollard, 1976; Schroeder, 1972)This implies that contraction of the furrow is

coupled to regulated-&ctin disassembl{Green et al., 2012although, high dose treatment with
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an actindepolymeizing drug arrests furrow ingression similar to myosin Il inhibiti§ohroeder,

1972) Cytokinesis ends in midbody formation, and is follow by abscission as described above.

The CPC regulates cell division

The Chromosomal Passenger Complex (CP@) key regulator of a number of mitotic
processes including chromosome segregation, midzone formation, cytokinesis and abscission
(Carmena et al., 2012)The CPC is tetrameric complex comprised of the scaffolding protein
INCENP (nner CertromericProtein), two regulatory proteing Survivin (BIRC5) and Borealin
(Darsa/CDCAS8), and the enzymatic component ABK (aurora B kinase). INCENP forms a triple
helix bundle with Survivin and Borealin at a 1:1:1 ratio at H#eNninus(Jeyaprakash et al., 2007)
and birds ABK through the highly conserved 4ddx at its Gterminus(Adams et al., 2000)
During mitosis, all members of the CPC patrticipate in complex formé@armena et al., 2012)
Whether the CPC oligomerizes to form higloeder structures is the subjeof current
investigations(van der Horst et al., 2015) The CPC istrans-activated by ABKdependent
phosphorylation of a conserved T&erSer motif in INCENP(Bishop and Schumacher, 2002)
and the Floop (Thr232, kinase domain) of ABfSessa et al., 2600 Therefore, increasing the
local concentration of CPC through clustering stimulates ABK activity, and this mechanism of
CPC activation is observed throughout the cell cgideujaim et al., 2014; Rosaséttcher et al.,
2008; Wang et al., 2011)

The subcellular localization of the CPC is tightly coupled to its function during cell
division. For example, when cells enter mitosis the CPC associates with the centromere where it
corrects erroneous MT attachments to the kinetodf@aemena et al., 2012)rhis localization is

so important for cell cycle progression that multiple pathways function to ensure the CPC is
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correctly targeted. ABK feedback signalifmanuele et al., 200&nd phospheegulation of
Borealin(Tsukahara et al., 201@)ork togetler to promote centromere localization, and both ABK
inhibition and Borealin depletion result in an increased frequency of incorrect MT attachments
(Carmena et al., 2012When cells exit mitosis, Mklp@ependent transport of the CPC to midzone

MT plus end and the equatorial cortex is required for midzone organization and cleavage furrow

A Survivin Aurora B kinase
INCENP
N C
Triple Helix Single alpha helix IN box
Borealin

Figure 1.2 Model of the Chromosomal Passenger Complex A) Diagram of the proteins that make
up the CPC and relevant domains of INCENP. The triple helix is made of the N-terminal region of
INCENP complexed with Survivin and Borealin. The C-terminal half of INCENP contains the SAH
domain and the IN box, which is where INCENP and ABK interact.

ingression(Douglas et al., 2010; Gruneberg et al., 2004; Kitagawa et al., .2013% CPC is
required to recruit centralspindl{iBasant et al., 2015; Douglas et &010)which is one reason

the C phase localization is key for furrowing. Similarly, midbémbalized CPC regulates the
recruitment of ESCRT proteins and the timing of abscig$tang et al., 2017; Nahse et al., 2017)

One model that describes theate@dnship between CPC localization and function, issibetial
gradient modeivhich theorizes that mitotic events are regulated by a gradient of ABK activity.
Evidence for this model largely relies on the cellular expression of an FRET sensor thabesiderg

a conformation change after ABK phosphorylat{¥viang et al., 2011) Analysis of this sensor
indicates that ABK activity is high at the centromere during metaphase, and on midzone MT plus

ends during C phase, and gradually decreases towards the gule{Afonso et al., 2014; Fuller
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et al., 2008) This gradient is thought to generate spatial cues that help promote accurate nuclear
and cytoplasmic division. There are some caveats to this model, however, it is clear that the cell
takes great efforto target the CPC to where its activity is needed, and that perturbing CPC
localization disrupts successful cell division. This study demonstrates that the CPC functions at
the cortex to mediate cytoskeletal crtakk between actmyosin contraction andnidzone
stabilization. Moreover, we find that the C phase localization of the CPC is carefully regulated by

cooperation between the actin and microtubule cytoskeletons.
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CHAPTER 2

MATERIALS AND METHODS

Cell culture and transfections

Cell lines were cultured in media supplemented with 10% fetal bovine serum (FBS) and

penicillin/streptomycinat 37°C, with 5% CQ.

He L a

AKyotoo cell

S

HelLa cells stably expressing 8Fubulin and mChersH2B (a gift from Dr. Dan Gerlich)

additionally contained 500mg/ml G41&table Hela cells expressing GRRCENP under the

control of a doxycyclinenducible promoter were cultured in DMEM containifdg pg/ml

puromycinduring selectiorand then cultured in DMEM without antibioti®RPE1 cells were

cultured in 50% DMEM/50% F12 media.

Target | Sequence Source Reference
INCENP .
) 56 AAGGCTTGGCCAGQGQiagen

30 U]

ON-TARGET plus SMARTpool

_ 56 GAAAUGGUUUACAG

Kif2a |5 6 CUACACAACUUGA A Dharmacon

56 GAAAACGACCACUQ(C

56 GACCCUCCUUCAAQG
Mklp2 56 AACCACCTATGT A A Qiagen (Kitagawa et al., 2013)
LoGC .

: Life

Duplex | Proprietary )
43 Technologies

Table 2.1 Sequencesf siRNAs used in this study.

wer €

Transfections were performed using Lipofectamine 2000 (Invitrogen) for plasmid DNA or

HiPerFect (Qiagen) for siRNAs according to manufacturer insbnet For both, cells were
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cultured in OptiMEM supplemented with 10% FBS following transfection. The siRNA sequences
used in tis study are shown in Table 2.Cells were fixed for immunofluorescence or used for
live cell imaging 24 hours after transt®n. For Kif2a siRNA depletion cells were transfected
twice, 96 hours and 48 houogfore they were fixed for immunofluorescence. For doxycycline
inducible stable cell line2 pg/ml doxycyclinewas added to OpMEM supplemented witlvith

10% FBSat the time of transfection.

Stable cell lines

The CRISPRCas9 system was used to generate stable cell lines depleted ofidifza (
KO) (Mali et al., 2013) HelLacells were transfected using guide RNAs (gRNA), outlined in Table
2.2, targeting thekif2a ORF. These gRNA sequences were selected to reduce the possibility of
off-target effects, as each sequence is only represented once within the geyBioek (IDT)
containing the U6 promoteKif2a targeting sequence, gRNA scaffold, and termination sigas
synthesized and cloned into pdunt II-TOPO (Invitrogen)This was cetransfected with
pcDNA3.3Cas9 (Addgene) into HelLa cells usirigpofectamine LTX according to the
manufacturerds instructions. Single clones

immunostaining. Clones thdisplayed a reduction in Kif2a bpnmunostaining were transfected

Name Target(Kif2a ORF) Sequence

Kif2a gRNA 1 Nucleotides 246 5 GBATCCAGATCGGGATTTACGTGG
Kif2a gRNA 2 Nucleotides 2#49 5 BCTCCACGTAAATCCCGATCTGG
Kif2a gRNA 3 Nucleotides 4355 5 BTGGAGATCAAGCGCAGCGATGG

Table 2.2 Guide RNAs used in this study for CRISPFRCas9 mediated knockout
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and isolated a second time to improve the efficiency of the knock down.

To generate HelLa cells that stablypeess GFANCENP in a doxycyclinenducible
manner we used the high efficiency, low background RCME sy@tdrandelia et al., 2011)
Acceptor HelLa cellgSturgill et al.,, 2016)were transfected with pEM791 comtaig GFR
INCENP (see Moleculariblogy). 24 hours after transfectiooells were cultured in the presence
of 1 pg/ml puromycin, andiere transferred to medtantaining 2 pg/ml puromycia8 hous post
transfectionto select for transgenic cells. Cells were pooled and cultured in DMEM containing
10% FBS, penicillin and streptomycin. GHRCENP expression was induced using 2 pg/ml

doxycycline for 24 hours.

Cold and pharmacological perturbations

To destabilize MTs, cells were incubated iIMBM chilled to < #C and placed on ice for 10 min.

Drug stocks in DMSO were diluted in DMEM immediately before use. All drugs were stored at
20°C and diluted in media promptly before use. Drug concentrations, sources, and treatment times
for fixed cellimaging are outlined in Table2.All drug treatments were performed at@#or

thetime indicated before fixation. For live cell imagingud concentrations, sources, and

Drug Source Solvent| Concentration Duration
Blebbistatin Tocris Biosciencef DMSO {100 ¢ M 30 min
Cytoctalasin B | Sigma DMSO > eg/ml 30 min

10 e€g/ ml|10min
ZM447439 Tocris Biosciencel DMSO |2 & M 10 min
Nocodazole Sigma DMSO |5 e M 10 min
Taxol Sigma DMSO | 2.5nM 30 min
Bl 25436 Selleck Chemical{ DMSO | 100 nM 20 min

Table 2.3 Drugs used in this study for fixed cell imaging
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treatment timesra outlined in Table 2. Li ve cel | inocodazell$weres hocko¢
performed bypreiincubatng cellsin drugfor the duration indicated prior to the addition of high

dose nocodazole. To destabilize MTs during live cell experiments an equixalieme of movie

medium was added during imaging containing 2X nocodaZol€ ( n a | ] = 10 &M)
blebbisatin or ZM 447439.For cortical imaging, cells were incubated with media containing

cytochalasin B or nocodazole for the time indicated.

Drug Source Solvent| Concentration Duration
Nocodazole Sigma DMSO |10 ¢ M During imaging (shock)
5¢e M 5 min (cortical imaging)
Blebbistatin Tocris Biosciencef DMSO |1 00 ¢ M |30 min
ZM447439 Tocris Biosciencef DMSO |2 ¢ M 5 min
Cytochalasin Bl Sigma DMSO |10 € g/ n10min

Table 2.4 Drugs used in this study for live cell imaging

Immunofluorescence and fked-cell imaging

For most experiments, HeLa and RPEells were fixed with methanol é20°C for 3,5
or 10 min. Primary antibodies used in this study are outim&able 25. Secondary antibodies
conjugated to Alexa 488, Alexa 594, or Alexa §#itrogen)were used at 1:1000. Primary and
secondary antibody incubations weerformedfor 1 hour each at room temperature. DNA was
counterstained wittb € g/ ml Hoechst 33342. Stained cel
(Invitrogen)

To quantify midzone fluorescence after cold treatment, cells were fixed in 2%

glutaraldehyde in cytoskeleton buffer (CB, 10 mM MES pH 6.1, 138 mM KCI, 3 mM M@CI
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mM EGTA) plus 11% sucrose at room temperature for 10 minutes. To visualize actin, cells were

fixed with 1% glutaraldehyde in CB plus 11% sucrose at room temperature for 10 minutes. Actin

was stained with phalloidiii R |

TC (Sigma) at

500 cellgwerfixedin To

4% formaldehyde and PerRix (100 mM K-PIPES, 0.2% TXL00, 10 mM KEGTA, 1 mM

MgCly).

Antibody Source Dilution
Mouseantt ub ul i n, | Vanderbilt Antibody and Protein Resource | 1:500
Rat antitubulin, YL1/2 Accurate Chemical and Scientifio€oration | 1:500
Mouse antAIM BD Transduction Labs 1:500
Rabbit aniINCENP Abcam 1:500
Rabbit antiMklp2 Abnova 1:50
Rabbit antiMklp1 Santa Cruz Biotechnology 1:500
Mouse antiLamin B Abcam 1:200
Rabbit antiKif2a Abcam 1:1000
GoatantrPRC1 Sarta Cruz Biotechnology 1:50
Rabbit antimyosin lla BioLegend 1:1000
Mouse antdGFP conjugated to

Rockland 1:1000

DyLight 488

Table 25 Primary antibodies used in this studyfor immunofluorescence

To visualize myosin lIA, cells were fixed Wit4% paraformaldehyde (PFA) in PBS at

room temperature for 10 miff.o visualize Mklp2 cells were fixed methanol at20°C for 3 min.

Where indicated, cells were permeabilizeith 100 mM K-PIPES (pH 6.8), 1 mM MgCI2, and

1% TX-100 for 30 secondgrior to fixation to extract free tubulin.

Cells were visualized using either a 60X 1.4 NA or 100X 1.4 NA objective (Olympus) on

a DeltaVision Elite imaging system (GE Healthcare) equipped with a Cool SnapHQ2 CCD camera
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(Roper). Optical sections were collectatl 200 nm intervals and processed using ratio
deconvolution in SoftWorx (GE Healthe). Images were prepared (rotation, maximum
projection)using Image J and NiElements AR.

To quantify midzone MT fluorescence following cold treatment, cells werel fire
glutaraldehyde with or without prextraction as described above. Sum intensity projections were
generated from 200 nmstices of tubulin fluorescence and a boxed region within the midzone
was used to measure the integrated fluorescence intefheityeasure fluorescence from polymer
only, background fluorescence was measured from an equivalently sized region outside the
midzone where no detectable polymer was observed, and subtracted from midzone fluorescence.
To determine the extent to which ckege furrows had ingressed, the following formula was used:
distance furrow ingressed total cell width 100 = % ingression. To measure ABK
fluorescence after Mklp2 depletion, a boxed region at the division plane was used to determine the
integrated luorescence of a sum intensity projection. An equivalently sized region outside the
division plane was used to measure background fluorescence and this was subtracted from the

division plane fluorescence.

Live cell imaging

Widefield live cell imaging vas performed at 3 with 5% CQ and a 60X 1.4 NA
objective on a DeltaVision Elite imaging system equipped with a WeatherStation Environmental
Chamber. For live imaging of HeLa cedigbly expressing GFPubulin and mChersH2B, cells
were plated on glasbottom dishes (MatTek Corporation) 24 hours prior to imaging. Prior to
imaging, cells were incubated in movie medi(iyl5 medium without Phenol Red supplemented

with 10% FBS, penicillin/streptomycin, and 7 mMfMAHEPES, pH 7.7).0One optical section was
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selected and cells were imaged at 15 second intervals. For live cell imagirapsiently
expressedsFRINCENP constructs and mCherdtrophin, HelLa cells were plated on glass
bottom dishes (MatTek Corporation) 48 hours prior to imaging. 24 hourstprnimraging cells

were transfected witlplasmid DNA and/or siRNA as described above. Immediately before
imaging culture media was exchanged for movie medium. To image probes Ayphaseone

optical section was selected and cells expressingISEENPwere imaged at 5 second intervals.
Cells expressing mChertytrophin were imaged at 30 second intervals to prevent photobleaching.
To image stable HeLa cell lines expressing GREENP, cells were plated on glass bottom dishes

48 hours prior to imaging24 hours prior to imaging sSiRNA was transfected as described above
and 2 e€g/ ml doxycycline was added.-INCEBDBWwass wer ¢
imaged at 10 second intervals. Where indicated, differential interference contrast (DIC) imaging
was used to image the cell cortex of GINRCENP stable cells during furrowing. For these
experiments, cells were imaged at 30 second intervals.

To quantify midzone MT fluorescence in live cells after exposure to nocodazole the
midzone was defined as thegion between the chromosome plates in the X dimension, and the
chromosome edges in Y dimension. The fluorescence intensity ofubkin within a boxed
region encompassing the midzone from a single optical section was measured over time. Similar
to fixed cells, a region outside the midzone lacking detectable polymer was used to measure
background fluorescence for each time point, which was subtracted from the midzone fluorescence
values at corresponding time points. To normalize for changes in thefdize midzone over
time (due to ingression or movement of the chromosome plates), we calculated the integrated

fluorescence intensity per pixel at each time point and then scored these values relative to the initial
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fluorescence intensity (before nocadke addition) to determine the percent of fluorescence decay
over time.

Live cell confocal imaging was performedait37C with 5% CQ and a 60X 1.4 NAn
movie medium. Cells were imaged using a Nikon spinning disk confocal microscope equipped
with astage top incubator (Tokai Hit) and an Andor887 EMCCD camera. Fluorophores were
excited using 488 nm and 561 nm diode laser lines. For live imaging of C phase INGERP
stable HelLa cells, cells were plated on glass bottom dishes 48 hours befgneg, and siRNA
transfection and doxycycline addition occurred 24 hours before imaging. A single optical section
was imaged at 15 second intervals. To image cortical movements of transiently expressed GFP
INCENP cells were plated on glass bottom dssbeated with 100 pg/ml fibronectin. Cells were
transfected with plasmid DNA 24 hours prior to imaging. The optical section closest to the
coverslip was imaged in piagression cells at 3 second intervals. For pharmacological
perturbations, cells weliacubated with cytochalasin B for >10 min prior to imaging. To ensure
that nocodazole treatment did not disrupt cortical delivery of-BEFENP, C phase cells were
identified prior to drug addition, and then incubated in nocodazole for 5 min before gnégn
co-imaging of transiently expressed GRFCENP and Mklp2mCherry cells were plated on glass
bottom dishes coated with 100 pug/ml fibronectin and transfected with plasmid DNA 24 hours prior
to imaging Three optical sections, corresponding to théeso midzone, and one optical section
between, were imaged at 5 second interuailsg triggered acquisition to reduce temporal delay

To quantify cortical enrichment of GHRCENP at the cell cortex 200 nm optical sections
were collected and volume pections of the YZ dimension were generated using Image J. and
Line scans across the YZ projection of the division plane were normalized for length, aligning

peak intensity values or cell edges where applicable. Background fluorescence was measured
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outsice the cell and this value was subtracted from all intensity measurements along the line scan.
Fluorescence intensity values were then normalized to cytoplasmic background, to control for
variable protein expression. To determine the relative increaft@ooéscence intensity at the
cortex, three adjacent values from each peak of fluorescence intensity were averaged.
GFRINCENP spot tracking was performed using the TrackMate -plug Image J
(Tinevez et al., 2016) The TrackMate parameters used wasefollows: a LoG detector, an
estimated blob diameter of 1.5 um, a threshold of 15.0, a simple LAP tracker (forarahing
tracks), a linking max distance of Jufh, a gap closing max distance of 1.0 um, and a gap closing
frame of 1. Onlytrackswita | i f eti me O 9 seconds (or -3 fram
INCENP cortical imaging. For cells expressing GFINCENP and Mklp2mCherry, tracks
were analyzed separately for each probe and optical section. The TrackMate parameters used were
similar to GFRINCENP tracking, although they were modified slightly to accommodate the dim
fluorescence of mCherry. Parameters used were as follows: a LoG detector, an estimated blob
diameter of 1.0 um, a threshold of 10.0, a simple LAP tracker (fobramcling tracks), a linking
max distance of 1.Am, a gap closing max distance of 1.0 um, and a gap closing frame of 1. Only
tracks with a |ifetime of O 15 seconds (or 3
calculated using the MSDanalyzer MATLAB pludifiarantino et al., 2014pyhereonly the first
120 s were used for MSD analysis. The diffusioreffwient was determined by dividing the
slope of the best fit linear regression by 4, to account for movement in two dimensions.
To quantify the PeffidentsobGHOINCENPrand Mklp2anChemmyn ¢ o
on the midzone and the cortex, images were cropped in time to only analyze the correlation from
anaphase onset to the initiation of furrowing. Only the region corresponding to the division plane

on the midzone and the cortex wasluded so as not to analyze areas beyond the chromosomes

27



plates, or outside the cell. The correlationegficient was measured using the GDSC stack
correlation analyzer with no additional thresholding or corrections. To normalize for the duration
of C phase, the time cells began furrowing was normalized to 1, with anaphase onset normalized

to O.

Immunoblotting

For preparatiof whole cell lysates, cells were washed three times with PBS and resuspended in
2X Laemmli buffer For pure protein, samples were mixed withl&¢mmli buffer After heating

to 95°C for 5 min, proteins were resolved by SPBGE and transferred to nitrellulose

(Whatman). Immunoblots were blocked with 5% w/v milk in PBST and then probed with primary

Antibody Source Dilution
Mouseantt ub ul i n, | Vanderbilt Antibody and Protein Resource | 1:1000
Mouse antAIM BD Transduction Labs 1:1000
Rabbit andiINCENP Abcam 1:1000
Rabbit antKif2a Abcam 1:1000

Mouse antGFP conjugated to
DyLight 488

Table 26 Primary antibodies used in this studyfor Western Blot

Rockland 1:1000

antibodiesoutlined in Table 2.6 fod hour. Blots were then probed with spe@epr@riate
fluorescentlytagged secondary antibodies &5 minutes. Fluorescence wasasuredising

an Odyssey fluorescence detection systerCJOR Biosciencesand Image .J
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Molecular biology

A full-length human INCENP ORF (Source Bioscience, IOH62TDEST15 NCBI
accession: AY714053vas used to prepare allld type INCENP DNA constructs. Amplification
of the INCENP ORF was performed using PrimeStar GXL polymerase (Takara). All constructs
were prepared using isothermal assen@ljpson et al., 2009)PCR fragments were cloned into
pPpEGFRC1 (Clontech) restricted witkpnl andNdd or into pET15 (Novagen) restricted wikinol
andNdd.

Charge reversal mutagenesis was performed usiblpcks (IDT) containing the desired
mutations and a-part Isotherral Assembly of INCENP blocks fragmentsinto pEGFRC1
restricted withEcoRlandKpnl. The following mutations were made to codons @poading to
amino acids 56880 to change lysine and arginine to glutamic acid (mutations underlined):

GGAAGAAGAA CTGGAGGAGGTGEAGCTGGAGGAAGAGGAAGAACTCGAAGAG.

These mutations are referred to in this study as INCENP CR. Additionally, mutations were made
to codons corresponding to amino acids-632 to change lysine and arginine residues to glutamic
acid. Mutations werelso made to optimize G block synthesis which did not affect the ORF

(mutations underlinedlGAGGCOGAGGAAGA GGCGGCGGCUASAGGAG. In this study these

mutation are referred to as INCENP MT CR. To generate stable cell linefNGHEHNP wt, 563
580 CR, 62631 CRwere amplified from pEGFE1 constructs using PrimeStar GXL and cloned

into pEM791 restricted witBsrGlandBglll (a gift from E. Makeyev).

Protein expression andpurification
Hiss-INCENPP?%680 and Hig-INCENPPY%%80 CRy\yere expressed in BL21 DE3 I cells

with 0.4 mM IPTG for 16 hours at 6. For purification, cells were pelleted and resuspended in
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|l ysis buffer ( PNI [ 50 mMM sodium phosphat e, 5
mer c apt o-®ME)h1% NB4D, ar{d protease inhibitors [1 rphkenylmethylsufonyl fluoride,

1 mM benzamidine, antl 0 € g/ ml each of | eupeptin, pepst art
enzymatically lysed by incubation in 1 mg/ml lysozyme (Sigma) for 30 minutes. The lysate was
sonicated, and clarified by centrifugation at 35K rpm for 1 hour in4bTrotor (Beckman) 4 mi

of Ni""-NTA agarose (Qiagen) was incubated with the supernatant for 1 ho®€,aard then
washed extensively wiME)wasPrbuefaer waBNEkJ] ubem
ME, and 180 mM imidazole. Peak fractions were desalted usiBgl®Rolumn (GE Healthcare)
equilibrated in 10 mM KHEPES pH 7.7, 50 mM KCI, 1 mM DTT. Powdered sucrose was added

to 20% wi/v. Protein was aliquoted, frozen in liquid nitrogen and stor&ira.

Actin polymerization and co-sedimentation

Rabbit skeletl muscle actin (Cytoskeleton) was resuspended in 5 mMHRIspH 8.0
and 200 . andstdal @A0°C until use. Actin was polymerized in 500 mM KCI and 20
mM MgCI2 for 10 minutes at room temperature.

Prior to use, HisINCENPP?%%80 and Hig-INCENPP%%80 CR were preclarified by
centrifugation at 90K rpm for 30 minutes &C4in a TLA-100 Ultracentrifuge (Beckman). For
co-sedimentation with actin, HISNCENPP?%®80 or Hiss-INCENPPOO®80CR( 5 ¢ M) wer e mi
withFactin (10 ¢&addgn buffer (1AnIMKHEHRES pH&.&, 50 mM KCI, 1 mM DTT,

1 mM MgChk-ATP). Reactions were incubated at room temperature for 15 min and centrifuged at
90K rpm for 20 minutes at 22 . 100 ¢l of supernatant was ¢

equivalent volume 02X Laemmli buffer Pell ets were r estammmiended
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buffer. Fractions were heatedto®@5 f or 5 min and 40 ¢l of -each

PAGE gel and stained using Coomassie Brilliant Blue.

Statistical analysis
Statisticdly relevant differences in experimental data were determined using the T.TEST function
in Excel (Microsoft). In all cases,-¥alues report the twiailed distribution of a tw«sample

St u d eTredt &ssumihg unequal variance.
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CHAPTER3

ACTO-MYOSIN CONTRACTILITY DRIVES MIDZONE STABILIZATION

Introduction

Cytokinesis, the final step in cell division, individualizes two daughter cells through
concerted actions of the actin and microtubule (MT) cytoskeletons. During anaphase, MTs
positioned between seggated chromosomes are incorporated into arpandillel array termed
the spindle midzone (midzone MTs) whileaEtin and normuscle myosin II, together with other
factors, organize into the cleavage furr(@reen et al., 2012) With the exception of ckvage
plane specification, little is known as to whether remodeling of the actin and MT cytoskeletons are
actively coordinated throughout cytokinesis. Previous studies of the spindle midzone in somatic
cells have shown that midzone MTs become highly staftér furrows have begun ingressibiu
et al., 2011)indicating that furroato-MT communication may occur. Consistent with this notion,
midzone formation is inhibited in fly spermatocytes that fail to form a cleavage f(@@ansanti
et al., 1998)ard during monopolar cytokinesis when myosin contractility is blocked by the non
muscle myosin Il inhibitor blebbistatitHu et al., 2008) Our work shows that actmyosin
contractility underlies MT stabilization in bipolar midzones and suggests cytoskeletdination

is fundamental to mammalian cytokinesis.

A modified version was previously published as:

Landino, J. and Ohi, R2016)The Timing of Midzone Stabilization during Cytokinesis
Depends on Myosin Il Activity and an Interaction between INGEXd ActinCurr Biol 26,
698-706
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Midzone MTs are differentially stable during C phase

To investigate the relationship between furrowing and midzone MT stability, we exposed
asynchronous Hela cells to cold temperatut€)j@r 10 minutes prior to fixeon. This treatment
indicated that midzone MTs become increasygitable as cells progress throu@ghphase
(Canman et al., 2000; Straight et al., 2003glls that appeared to be in anaphase A at the time of
fixation, characterized by chromosome segtem without pole separation and a Aingressed
furrow, were devoid of midzone MTsvhereas cells that apparently progressed furtieer,
anaphase B and telophase cells, containedstallle MTs (Figure8.1 A). In agreement with
previous work(Hu et &, 2011) cells with coldstable midzone MTs had invariably initiated
furrow ingression; only 5.3 3.2% of noningressed cells (meanSE,n=70cells) retainedubulin
polymer following cold treatment, whereas 82.0 + 3.5% (n=ddIB) of cells with anmgressed
furrow contained polymer (Figur@1 B). This qualitative result was unaffected by removal of
free tubulinvia a brief permeabilization step prior to fixatidiigure 3.1 §. Quantitative analysis
revealed that the sum intensities of polymeubulin fluorescence following coltteatment in
ingressed cells show a positive linear correlation with the degree of furramihjis result was
unaffected by the presence or absence of free tutktigiare 3.1 D and E Midzone MTs behaved
similarly in the nontransformed RPH. cell line Figure 3.1 F and |5

To better correlate thieming of furrowing with midzone stabilization, we next used a live
cell assay to monitor midzone MT stability. HeLa cells that simultaneously exprestBHiA
andmCherryH2B were challenged during C phase with DMSO ok 18inocodazole before or
after furrow ingressiorfHu et al., 2011) DMSOtreated cells progressed through cytokinesis

normally without losing midzone MTd{gure 3.2 A. In contrast, nocodazoleagsed rapid
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Figure 3.1 Midzone MTs are differentially stable during C phase. A) Maximum z-projections of
untreated (top) or cold-treated (bottom) HeLa cells in C phase with non-ingressed or ingressed cleavage
furrows. Cells were stained with antibodies against tubulin (green) and counterstained with Hoechst

33342 to visualize DNA (blue). Scale bar, 10 ¢ m. B) Quantification of

midzone MTs (MMTs) before and after cold treatment as described in A). Data represent mean + SE. n
> 150 cells from three independent experiments, * = p < 0.005. C) Maximum z-projections of untreated
(top) and cold-treated (bottom) HeLa cells in C phase with non-ingressed or ingressed cleavage furrows.
Cells were permeabilized for 30 seconds prior to fixation to extract free tubulin. Dashed lines indicate
cell boundary. Cells were stained as described in A). D) Left: Maximum z-projections of cold-treated
Hela cells permeabilized prior to fixation. Cells were stained as described in A). Dashed lines indicate
cel |l boundary. Dashed box represents regions u
Right: Quantification of midzone MT fluorescence intensity after cold treatment in non-ingressed (red)
and ingressed (purple) cells plotted as a function of the percent furrow ingression. Cells were fixed after
pre-extraction of free tubulin. (n=54). E) Quantification of midzone fluorescence intensity as described
in A). Cells were fixed without extraction of free tubulin (n=52). F) Maximum z-projections of untreated
(top) and cold-treated (bottom) RPE-1 cells in C phase with non-ingressed or ingressed cleavage

furrows. Cells were stained a%$)Marimunrz-projectibnsiofRPED .

cells permeabilized for 30 seconds prior to fixation. Cells were stained as described in A). Dashed lines
indicate cell boundarv. Scale bar, 10 &m.
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Figure 3.2 Midzone MTs are stabilized after furrowing. A)
Top: Single z-plane micrographs taken from time lapse

D v ® Fre-ingression movies of HelLa cells expressing GFP-tubulin (green) and

- y  Ofesinaresion mCherry-H2B (red) exiting mitosis in the presence of DMSO

S (control) or 10 €M nocodazo

€ ® I relative to the initial frame. Dashed lines were used to

Y 60 'ﬂH gener at e kymographs. . BStom:l e bar s,
§ A [Titl) H Kymographs of GFP-tubulin fluorescence across the division

o plane during C phase. Arrowheads (white) indicate time point

o 2 o of nocodazole addition. Scale bars, 2.5 min (x axis) and 10

Lo em (y axis). B) Quantificat]

O 8 intensity in pre-andpost-i ngr ession cell s

2
Time (minﬁtes) > -
nocodazole. Arrowhead (black) indicates the time of
nocodazole addition. Data represent mean = SD. n=10 (pre-
I) and 9 (post-I) from three independent experiments, ** = p

< 0.01. Continued on next page.
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Figure 3.2 continued. C) Top: Single z-plane micrographs taken from time lapse movies of C phase
HelLa cells expressing mCherry-t ubul in in the presence of DMSO
is indicated in min:seconds relative to the initial frame. Dashed lines were used to generate
kymographs. Scale bars, 10 ¢-tbulinfl®escencermcrossthe aidsgpm ¢
plane during C phase. Arrowheads (white) indicate time point of nocodazole addition. Scale bars, 2.5

min(xaxisyand1 0 em (y axis). F) Quantification -afdpost dzone

ingression cells treated with 10 €M nocodazol
nocodazole addition. Data represent mean + SD. n=8 (pre-I) and 9 (post-1) cells from three independent
experiments, * = p < 0.05.

midzone MT disassembly when added to cells that had not initiated furrd#wgqnge 3.2 A Pre

). The addition of nocodazole to cells that had begun furrowing, however, did not cause
widespread midzone MT depolymerization (Fig@r2 A, Postl). At the terminal time point (7

min following nocodazole addition), piegression cells retained an average of only 16.3 + 8.6%
(mean +SD, n=10cellg) of the initial midzone MT fluorescence, whereas pogtession cells
retained on average 45t116.8% (n=%ells) of their initial midzone MT fluorescence (FigBe2

B). Similar results were obtained using cells expressing mGhanyjin (Figure3.2 C and D.

These results indicate that midzone MTs acquire nocodazole resistancéumaieing has

initiated, and is consistent with observations made using our fixed celstatldity assay.

Stabilization of midzone MTs requires myosin Il activity

Midzone MTs might acquire stability through a thdependent process or, alternatively,
become wbilized by furrowing To discriminate between these models, we used lamin B
immunofluorescence tmore preciselyudge how long a cell had spent@phase Fewnon
ingressectells (9.3 = 1.6%, n=1286ells) had detectable lamin B on chromatin, but tiisnber
increased to 95 + 1.1% (n=128lls) in ingressectells Figure 3.3 A demonstrating that lamin B
immunofluorescencas a suitable marker for latdage C phase cells We then treated

asynchronous cells with the nomuscle myosin Il inhibitor bldlstatin (10 Mjo block furrow

36

MT



on)

100 uM Blebbistatin

% of Cells with mMTs M

Control

Cold

1004

80

604

404

20

Non- Early
ingressed Ingression

Lamin B - Lamin B +

DNA MTs Lamin B DNA MTs

Lamin B

[ o

0
Control Cold Control Cold

Lamin B - Lamin B +
100 uM Blebbistatin

Late

Ingression

@ 100,
£ £ =
—
% g 80
-l
< 2
= C 604
S0
2 9 )
U =
22
S a 27
L
e o Il
Non- Ingressed
Ingressed
D Lamin B - Lamin B +
v
i_
=
<
Z
3 (&)
=
c
o
Ol
£ cH
3 I
) © B
'_a -
Q0
X
[aa]
= K2
o =
S <
= zZ
a
e
o
o
[aa]
£
€
©
-

Figure 3.3 Midzone MT stabilization requires non-muscle
myosin Il activity. A) Left: Maximum z-projections of HeLa cells
in C phase with non-ingressed or ingressed cleavage furrows
showing nuclear envelope staining. Cells were stained with
antibodies against tubulin (green) and lamin B (red). DNA (blue)
was counterstained with Hoechs
Quantification of the percent of cells with lamin B staining in C
phase. Data represents mean + SE. n > 200 cells from three
independent experiments, * = p < 0.005. B) Maximum z-
projections of cells treated w
(top) or cold treatment (bottom). Cells were stained with antibodies
to lamin B (single channels) to mark the nuclear envelope and
tubulin (green). DNA was counterstained with Hoechst 33342
(bl ue). Scale bar, 10 e€m. Con
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ingression without perturbing assembly of the contractile g8&ight et al., 2003)Although

midzones were present in blebbistati@ated cells at 37°(Straight et al., 2003}hey were cold

A Lamin B - Lamin B + B Lamin B - Lamin B +
:
= =
< <
2 :

= S
S £

. Sl o

c = § = :':

T ' o =B

R % p= ER

© - — o] -

= 3 -~
v} 0
S <
> wn (@]
o) i S &
- —
E < > -
o) > =
3 ) = <ZE
1 o) a
3 b
n| o
Ol m O
£ [oa)
£ £
L £
(0]
-}

=)
=)

Figure 3.4 Midzone MT stabilization requires acto-myosin.
A) Maximum z-projections of HeLa cellst r eat ed wi
cytochalasin B prior to fixation (top) or cold-treatment (bottom).
Cells were stained with antibodies to tubulin (green) and lamin
B (single channels). DNA (blue) was counterstained with

©
b

S
'~

% of Cells with mMTs (M)

Hoechst 33342. B) cMaxineum B-projectiors 0 & m.
20 of HelLa cells permeabilized for 30 seconds prior to fixation to
extract free tubulin. Cells were otherwise treated, fixed, and
0 . == . |_L| stained as described in A). Dashed lines indicate cell boundary.
Control Cold Control Cold Scale bar, 10 & m. C) @nt aoh
Lamin B - Lamin B + cytochalasin B treated cells with midzone MTs before and after
- cold treatment as described in A). Data represent mean + SE,
5 pg/ml Cytochalasin B n > 150 cells from three independent experiments.

Figure 3.3 continued C) Quantification of the percentage of blebbistatin-treated cells with midzone MTs
before and after cold treatment as described in B). Data represent mean + SE, n > 200 cells from three
independent experiments. D) Maximum z-projections of HeLa cells permeabilized for 30 seconds prior
to fixation to extract free tubulin. Cells were otherwise treated, fixed, and stained as described in B).
Dashed |lines indicate cel/l boundary. Scal e bar
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Figure 3.5 Midzone MT stabilization requires furrowing. A) Top: Single z-plane micrographs of
HelLa cells expressing mCherry-tubulin in early C phase, as judged by the degree of chromatin

condensation. Cells were treated with 100 &M b
is indicated in min relative to the initial frame. Dashed lines were used to generate kymographs. Scale
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were used to generate kymographs. Scal e b-tbulin
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39



labile even in cés containing lamin Babeled chromatinFigure 3.3 B and T Similar results
were observed in cells treated witk 5§ / cytbchalasin B, an actin poisofigure 3.4 A. Again,
pre-extraction of free tubulin did not affetttese resultsHijgures 3.3 Diad 3.4 B.

We then tested the relative importance of time spe@tphasesersuscontractility for
midzoneMT stabilization in live cells using our nocodazole shock assay. As blebbistatin has
phototoxic effects when imaged with blue ligitepiro et &, 2014; Mikulich et al., 2012;
Sakamoto et al., 2005)ve transiently expressed mChetapulin in HelLa cells to visualize
midzone MTs. DIC imaging was used to determine the degree of chromatin condensation and
distinguish betweenells inearlyor late C phase Cells were treated with blebbistatin to block
furrowing for > 20 min prior to nocodazole addition. Without nocodazole, midzone MTs in early
C phase(condensed chromatin as observed by DIC) or Gagghase(decondensed chromatin)
persisted throghout blebbistatin treatmentigure 3.5. Addition of nocodazole, however,
induced midzon®MT disassembly in both early and l&ephase At the terminal time point (6
minutes, 30 seconds), celtsearly C phas&eated with nocodazole had 26.0 + 7.@%14cells)
of the initial fluorescence from tubulin polymer. Nocodazole similarly affected icelite C
phasd€34.6 + 9.9%, n=18ells) indicating that prolonged C phasies not considerably increase
midzone stability in the absence of myosin dhtractility (Figure 3.5 C) These observations
suggest that midzone MTs do not become stable as a fuottimme spent irC phasebut rather

that their stability is dependent on myosin Il contractility.

Spindle elongation during C phase requiregurrow ingression
Anaphase B is marked by the elongation of the central spindle to further segregate sister

chromosomes into the two pretiaughter cells. Elongation of the spindle midzone is believed to
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occur by coupling MT polymerization to motdependent sliding(Roostalu et al., 2010; Rozelle

et al., 2011; Wang et al., 2013 he timing of central spindle elongation is closely coupled to
cleavage furrow ingression and we asked whether these processes were also intrinsically linked.
To test this iéa, we tracked midzone elongation during C phase by live imaging cells expressing
mCherrytubulin. We observed that when furrow ingression was blocked, by treatment with
blebbistatin, the central spindle did not fully elongate (Figure 3.6 A). In cediett with DMSO,

the anaphase spindle elongated to a maximumtpgdele distance of 11.3 £ 0.3 microns (mean

+ SE, n=16 cells). In cells treated with blebbistatin, the maximum pole to pole distance in C phase
was only 9.1 + 0.5 microns (n=24 cells). dmwsure that we did not unintentionally quantify central
spindle length in early C phase cells, only cells with decondensed chromatin were included in this
analysis. Similar to our observations of midzone stabilization, this finding suggests that spindle
elongation during anaphase B depends on-m@wtosin contractility and is not related to the

duration of C phase.

Figure 3.6 Central spindle elongation
requires furrow ingression. A) Left, top:
Single z-plane micrographs of HelLa cells
12, M1 expressing mCherry-tubulin in C phase, treated
10 with DMSO or 1 @th. Tankl is t
indicated in min relative to the initial frame.
Dashed Ilines were used to generate
kymographs. Scale bar,
4 Kymographs of mCherry-tubulin across the
spindle axis over t i mi
axis) and 3 min (y axis). Right: Quantification of
DMSO 100 uM the maximum pole-to-pole distqnce_ of cells
Blebbistatin treated with DMSO or Blebbistatin. Data
represents mean + SD. n=16 (DMSO) and 24
(blebbistatin),  from  three  independent
experiments, * = p < 0.05.

100 uM
A bpwmso Blebbistatin
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Discussion

Whether actomyosin contractility influences midzone formation during cytokinesis is
controversial. Actin disruption elimates midzone MTs during the meiotic divisions of
Drosophila spermatocytegGiansanti et al., 1998nd myosin Il inhibition prevents midzone
formation during monopolar cytokinegislu et al., 2008) However, similar perturbations in
somatic cells undeayng normal, bipolar cytokinesi@ubin et al., 1981; Cimini et al., 1998;
Savoian et al., 1999; Straight et al., 2008Ye yielded conflicting results. Our data show that the
midzone MTs of HeLa and RPEcells are stabilized upon furrow initiation inmeganner that
requires actomyosin contraction, suggesting that furrow ingression impacts bipolar midzone
stability. These findings are consistent with previous reports showing that midzone MTs in
somatic cells acquire resistance to nocoda@dleet al., 11)and pressuréSalmon et al., 1976)
during cytokinetic progression. Additionally, our cell analysdemonstrat¢hat myosin Il
contractility is only required to initiate the feedback signaling #tabilizes midzone MTs;
midzones become nocodazetesistant once furrowing has beguit.is likely that the onset of

furrowing thus triggers a unidirectional change in the physio&@giroperties of the midzone.
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CHAPTER4

THE CHROMOSOMAL PASSENGER COMPLEX MEDIATES CYTOSKELTAL

FEEDBACK SIGNALING

Intr oduction

Aurora B kinase (ABK) is the catalytic component of the Chromosomal Passenger
Complex (CPC), a protein complex which also consists of INCENP, Borealin, and Survivin, and
plays key roles in multiple aspects of cytokingSlarmena et al., 2012While the CPC has well
documented functions in cleavage plane specificafdguyen et al., 2014and promoting
midzone assemblgKaitna et al., 2000Q)its role at the furrow remains unclear. Interestingly,
studies of monopolar cytokinesis implicate tHeCCin mediating myosin dtlependent corteto-
MT signaling that promotes the formation of a monopolar mid£biveet al., 2008) Moreover,
the CPC localizes to actin cables in a {#i@e zone that connects the cortex to midzone MTs
during monopolar cytokesis(Canman et al., 2003; Hu et al., 2008)s our data demonstrate a

causal relationship between furrow ingression and midzone MT stabilization, we investigated

ABK as a potential candidate to mediate cot@MT signaling in bipolar midzones

A modified version was previously published as:

Landino, J. and Ohi, R2016)The Timing of Midzone Stabilization during Cytokinesis
Depends on Myosin Il Activity and an Interaction between INCENP and Actirr. Biol 26,
698-706
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Stabilization of midzone MTs requires Aurora B kinase activity

To test whether ABK regulagenidzonestabilizationduring C phasewe treated cells for
10 min with 2¢ MZM447439 an ABK inhibitor (Ditchfield et al., 2003)prior to cold treatment.
ZM447439 caused a -f6ld decreae in the percentage migressectells with coldstable MTs
(15 £ 1.7%, mean 5E, n=85 cells compared to control cells (79.3 £ 0.9%, n=1&4dlg)
suggesting that ABK activity is required for midzone stabilization after furmgwession (Figure
4.1 B). Preextraction of soluble tubulin did not affect the outcome ofejgeriment igure 4.1
C). To demonstrate this in live cells, Gflbulin/mCherryH2B labeled cells were treated with
ZM447439 for 5 min prior to imaging or exposure to nocodazole. etitese conditions,
ZM447439 treatment alone did not cause midzone disassembly in either pastingression
anaphase cellgigure4.1 D). Nocadazole addition, however, caused rapid MT disassembly both
before and after furrow ingression. Rngresion cells treated with ZM447439 maintained only
26.7 £10.0% (mean&D,n=11cells) of the initial midzone fluorescence after 6 min in nocodazole
(Figure4.1 B. Likewise, postingression midzones maintained only 16.9 + 7.9% (reelld) of
the initial fluorescence after nocodazole addition, demonstrating that myocsiepéndent
midzoneMT stabilization after the initiation of furrowing also requires active ABK.

We also investigated whether myosin Il inhibition might alter midzone stability by
disruptng ABK localization. We noted no observable differences in ABK localizatiorom
ingresedcells compared tingressectells suggesting that the change in MT stability observed
between these two stages is not due to gross changes in the steadyadizé¢idocof the kinase
(Figure4.2 A). Additionally, inhibition of myosin Il or ABK activity did not prevent ABK from
localizing to the division plane (Figure 4.2 B andsGjgesting that changes in midzone stability,

induced either through contractilityr treatment with small molecules, cannot be attributed to
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changes in ABK localization. Brief inhibition of ABK also did not displace the midzone

organizing factors Mklp1 and PRQHEigure 4.2 D and E

Midzone MT destabilizationrequires Polo-like kinase 1

Microtubule dynamics are highly regulated throughout mitgBelmont et al., 1990)
including during C phase, with multiple mitotic kinases working to control cytoskeletal remodeling
(Carmena et al., 2012; Green et al., 20129lo-like kinase 1(PIk1) contributes to the formation

of an organized midzone during C phase by regulatiegocalization othe plusend directed
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kinesin Mklp1(Li et al., 2010) and the MT crosinker PRC1(Hu et al., 2012; Schmucker and
Sumara, 2014)We investigatd whether PIk1 activity regulates midzone stabilization by briefly
treating cells with the small molecule inhibitor Bl 2536 (100 nM) for 20 min before exposure to
cold temperature. In agreement with our previous work, midzone MTs imgomessed DMSO
treated cells were sensitive to cold temperature (Figure 4.3 A). However, following Plk1 inhibition,
midzone MTs in noxangressed cells were cektable. This finding suggests that PIkl may
function in early C phase, opposite of ABK, to promote midzone Massembly or turnover.
While we have not pursued studies of Plkl regulation of midzone stabilization, future
investigations should include identifying downstream regulators of early C phase MT dynamics,
as well as exploring the relationship between Rl&fpendent and ABKlependent regulation of

midzone MT stabilization.

pg

100 nm BI2536
Control Cold

Figure 4.3 Midzone destabilization in early C phase
requires Plk1. A) Maximum z-projections of Hela cells
treated with DMSO or 100 nM BI 2536prior or cold-
treatment. Cells were stained with antibodies to tubulin
(green). DNA (blue) was counterstained with Hoechst
33342. Scale bar, 10 &m.

Non-Ingressed

DNA MTs

Human INCENP binds actin directly

The localization of ABK to actin cables during monopolar cytokinésis et al., 2008)
suggests that its function in monopolar midzone formation n@gyirean interactionwith actin.
Interestingly,DictyosteliumINCENP has been shown to associate with actin in @@hen et al.,
2007) leading us tspeculatgahat human INCENP might also bind actin directly. To examine

this possibility, we first aalyzed the ability of various GFRNCENP constructs to clocalize
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Figure 4.4 Characterization INCENP-actin binding. A) Schematic of GFP-INCENP truncations used
to map the actin binding domain in cells. B) Single plane micrographs of HelLa cells expressing GFP-
INCENP (green) truncations and mCherry-Utrophin (red). Cells expressing GFP-INCENP 500-680 and
mCherry-Ut r ophin were treated with 10 €g/ ml cytochi
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bar, 10 &m. D) -stamqu:gelsCshowvimga recombénant His,-INCENP and Hisg-
INCENP*®® % Bottom: Anti-His immunoblots of recombinant Hise-INCENPE’OO'680 and Hisg-
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an actin co-sedimentation assay using recombinant wt or CR His,-INCEN po0oese Supernatant (S) and
pellet (P) fractions are indicated. Molecular weight standards are indicated in kDa.

with actinbased structures, marked with mChetttyophin, when exogenously expressed in
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HelLa cells Figure 4.4 B. A 180 amino acid (aa) fragment of INCENP (hereafter referred to as
INCENP??%%89) was sufficient to cdocalize with actin during both interphase and mitosis. To
confirm the specificity of this ctocalization, we treated cells expressing @REENPP%680ith
cytochalasin B and found that its localization was disruptel manner similar to that of actin
(Figure 4.4 ¢. As INCENP aa residues 5880 reside in a highly charged region of a single
alpha helical domai(Samejima et al., 2015)ve hypothesized that INCENP associates with actin
through an electrostatic inction. To test this, and to abrogatepotential INCENP-actin
interaction, we generated changgrersal mutants (lysine/arginite-glutamic acid) within amino
acid residues 50680. Chargeeversal of ten residues
(K563,R564,R565,R566,K571,K573,R5R4,77,R579,K580) abolished tocalization of GFP
INCENPP?%%80 with mCherryUtrophin in mitotic cells Figure 3.11, INCENP%80 R Tqg
determine if INCENP binds actin directly, we purified recombinant-HNCENPP?%%8 from E.

coli (Figure4.4 D) andperformed an actin esedimentation assay. BENCENP*%8sediments
specifically in the presence ofdg€tin, indicative of a direct interaction. BHSNCENPP0%680 CR
however, does not esediment with actin, indicating that the chargeersal muttons that

abolish actin cdocalization in cells also disrupt direct actin bindingitro (Figure4.4 B).

INCENP-actin binding is required for midzone stabilization

To investigate the role of CPC actimding during C phase, we next incorporatesl tdn
chargereversal mutations in@full-length GFPINCENP construct (GFHINCENP CR). We then
used a depletion/rescue strategy to substitute endogenous INCENP with eittegrghhll GFP

INCENP or GFPINCENP CR(Figure 4.5 A. We first analyzed the ¢alization of the CPC in
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cells expressing wild type GHRCENP or GFPINCENP CR by imaging GFP and ABK. In

agreement with previous wo(Earnshaw and Cooke, 1991GFRINCENP and ABK both
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Figure 4.5 C phase localization of GFP-INCENP-actin
binding mutant. A) Immunoblots of cell extracts
prepared from Hela cells transfected with a control
si RNA (left) or siRNA tar.
(right). Tubulin is shown as a loading control. Molecular
weight standards are indicated in kDa. B) Maximum z-
projections of the X and Y dimensions (top panels) and
volume projections of Y and Z dimensions (bottom
panels) of GFP-INCENP (wt or CR, red) in HelLa cells
depleted of endogenous INCENP. Cells were stained
with antibodies against tubulin (green), and ABK (teal).
DNA (blue) was counterstained with Hoechst 33342.
Scaebar , 10 em. Epjojechbasxaf Itellan
cells depleted of endogenous INCENP and transfected
with GFP-INCENP (wt or CR). Cells were stained with
antibodies against GFP (green) and actin was visualized
using phalloidin-TRITC (red). DNA (blue) was
counter st ai ned with Hoechst
D) Maximum z-projections of HelLa cells depleted of
endogenous INCENP and transfected with wt GFP-
INCENP or the charge reversal mutant (CR). Cells were
stained with antibodies against GFP (green) and myosin
lIA (red). DNA (blue) was counterstained with Hoechst
33342. Scale bar, 10 &m.
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Merge
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to the midzone and the cell cortex in cells expressing wiled GBRINCENP Figure4.5 B), with

cortical localization examined in volume projections rotated By 90cells expressing
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Figure 4.6 INCENP actin-binding promotes midzone MT stabilization. Maximum z-projections of
Hela cells depleted of endogenous INCENP and rescued with full-length GFP-INCENP (top) or GFP-
INCENP CR (bottom) prior to fixation or cold-treatment. Cells were stained with antibodies against
tubulin (green) and GFP (red). DNA was counter
B) Quantification of the percent of cells with midzone MTs before and after cold-treatment as described
in A). Data represent mean + SE. n = 148 cells from three independent experiments, * = P < 0.005. C)
Maximum z-projections of HelLa cells treated and stained as described in A). Cells were permeabilized
for 30 seconds prior to fixation. Dashed I ines
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GFRINCENP CR, GFANCENP and ABK still localized to the midzone and to the cell cortex,
although this mutatioappears to partigl disrupt CPC distribution along the midzone. Myosin Il
and actin localized normally in cells expressing GNEENP CR Figure 4.5 C and pindicating
that expression of the mutant does not disrupt the organization of the contractile array.

We next asayed midzone MT stability in these cells using exposure to cold temperature
(Figure4.6 A). Similar to unperturbed cells, 86.0145% (mean +SE, n=84cells) of ingressed
cells expressing wild type GHRICENP had colestable midzone MTsHowever, the peentage
of cells with stable midzone MTs decreasé&efold in cells expressing GFRNCENP CR (17.3 £
3.5%, n=64cells Figure 46 B). Preextraction to remove free tubulin did not change our ability
to detect MTsKigure4.6 Q. This 5fold decrease imidzone MT stability observed in ingressed
cells expressing GFINCENP CRmirrorsthe decrease we observed following ABK inhibition
using ZM447439Kigure 4.1 A) supporting the idea that INCEN#tin interactions are crucial

for the CPC to mediate feedlkasignaling from cortical actin to midzone MTs.

INCENP-actin binding is required for cleavage furrow ingression

To investigate the role of INCEN&ctin binding during cleavage furrow ingression, we
used live cell imaging to follow cells depleted of egdnous INCENP and rescued with either
GFRINCENP or GFPINCENP CR throughout C phase. We observed that 10@% of cells
expressing wild type GFINCENP were successful in cleavage furrow ingression (meag,+
n=12 cells), validating our approach. loontrast, only 37.8 2.3% of cells expressing GFP
INCENP CR were able to ingress the furrow and form a midbody (nell$ Figure4.7 B). As

myosin Il and actin localized normally in cells expressing GREENP CR Figure 4.5 C and
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Figure 4.7 INCENP actin-binding promotes furrow closure. A) Top: Single z-plane micrographs
taken from time-lapse of HelLa cells depleted of endogenous INCENP and and rescued with GFP-
INCENP wt or the charge reversal mutant (CR). Cells were pre-incubated with DMSO or 2.5 nM taxol
for 30 mins prior to imaging. Dashed lines were used to generate kymographs. Bottom: Kymographs of
GFP-INCENP fluorescence across the division plane during C phase. Scale bars, 2.5 min (x axis) and
10 em (y axis). B) Quantificati on dNCENPhw or gR that ¢
successfully completed furrow ingression as described in A). Data represent mean = SE. n= 12 (wt,
DMSO), 16 (CR, DMSO0), 10 (wt, Taxol), and 12 (CR, Taxol) cells from three independent experiments,
*=p < 0.05. C) Top: Single z-plane micrographs taken from time lapse movies of HelLa cells expressing
GFP-tubulin (green) and mCherry-H2B (red) incubated for > 30 mins in DMSO or 2.5 nM Taxol prior to

exposure to 10 €M nocodazole. Time is indicate:q
used to generate kymographs. Scal e b-abufin fluotesteneerr
across the division plane during C phase. Arrowheads (white) indicate time point of nocodazole addition.
Scale bars, 2.5 min (x axis) and 10 em (y axis)
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SD. n=11 (pre-l, DMSO), 10 (pre-l, 2.5 nM Taxol), 9 (post-I, DMSO) and 10 (post-1, 2.5 nM Taxol) from
three independent experiments, ** = p < 0.01.
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D), furrow ingressan failure in GFPNCENP CRexpressing cells cannot be a consequence of
failed actomyosin accumulation.

As cells expressing GFINCENP CR have coldensitive midzone MTs, we next
investigated whether artificially stabilizing MTs would rescue cleavageviungression in these
cells. To test this, we incubated cells in the presence of a low dose of taxol (2.5 nM for 30, minutes
(Gayek and Ohi, 201 prior to imaging, a treatment that did not impede C phase progression in
cells expressing wild type GHRNCENP. Cells expressing wild type GHRCENP completed
cleavage furrow ingression 88.71%.3% of the time (mean $E,n=10cells) in taxol Figure 4.7
B). Similarly, cells expressing GFINCENP CR also successfully completed cleavage furrow
ingression dllowing taxol treatment (91.6 &3, n=12Figure3.14 cell3. To confirm that 2.5 nM
taxol altered midzone MT stability during C phase, we used the live cell nocodazole shock assay.
HelLa cells stably expressing Gfbulin andmCherryH2B were preincubated with DMSO or
2.5 nM taxol for 30 minutes before exposure tcelMnocodazoleKigure 4.7 ¢. In cells pre
incubated with lowdose taxol, midzone MTs were more stable when nocodazole was adoled bef
cleavage furrow ingressionAt the terminal timepoint (7 min following nocodazole addition),
pre-ingression cells incubated with DMSO retained only 23.9 + 5.9 % (m&ah a=11cells) of
the initial midzone MT fluorescence, whereas-pigression cells incubated with taxol retained
on average 38.2 + 19% (n=10cells) of their initial midzone MT fluorescencé&igure 4.7 D.
Taken together these results support the notion that INGEENR binding is essential for

cytokinesis, and that this interaction is important because it pesmadzone MT stabi#ation.
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Disrupting INCENP -MT binding does not affect midzone stabilization

Previous work has shown that the CPC interacts with Ma&$NCENP (Noujaim et al.,
2014; Rosascdlitcher et al., 2008; Wheatley et al., 20010 note, the charge reversalitations
that disrupt INCENP actibinding also appear to disrupt MT localization of GIREENPP00680
in cells (Figure 4.4 A). To confirm that the effect of GRRCENP CR expression on midzone
stabilization is specific to breaking the CRa€tin interaton and not due to disrupting the CPC
MT interaction we quantified midzone stabilization in cells expressing a second charge reversal
mutant (GFFINCENP MT CR, see Methods and Appendix I). These charge reversal mutations
selectively disrupt localizatioof GFRINCENPP??®8to MTs in cells without perturbing actin-co
localization. We replaced endogenous INCENP with full length-GFFENP MT CR using the
same depletion/rescue strategy outlined above, and exposed cells to cold temperature to assay
midzonestability. In agreement with our previous findings, 98.3.0% of ingressed cells
expressing wild type GFRNCENP had colestable midzones (me&SD, n=52 cells). Midzones
were similarly stable in cells expressing GRRCENP MT CR as 85.% 4.1 % (n=% cells) of
ingressed cells had midzone MTs after cold treatment (Figure 4.8 A). This result indicates that
then CPGMT interaction is not necessary for midzone MT stabilization after furrow ingression.

This finding supports our hypothesis that the &fih interaction is essential and specific for

A
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— 80
3 . Figure 4.8 INCENP MT-binding is not required for midzone MT
k5 E 6 stabilization. A) Quantification of the percentage of ingressed HelLa
§ £ cells depleted of endogenous INCENP and rescued with full-length
?ﬁ "° GFP-INCENP or GFP-INCENP MT CR with midzone MTs after cold-
>, treatment. Data represents mean + SD. n = 106 cells from two
2 independent experiments.

0
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promoting midzone stabilization after furrow ingression.

Kif2a midzone localization is controlled by Aurora B kinase activity

We next investigated factors that could alter MT dynamics during C phasedan tor
identify possible effectors that work downstream of ABK signaling to regulate midzone stability.
Previous work has shown that the KinesBKif2a functions during C phase to regulate midzone
MT dynamics and central spindle lendtbehara et al., @.3) Using immunofluorescence we
observed that Kif2a localized to the midzone ofmagressed C phase ce(Bigure4.9 A) and
was not detectable on midzone MTs in ingressed cells. Notably, the disappearance of Kif2a
immunofluorescence from the midzoisegemporally correlated with the appearance of -caiul
nocodazolestable midzone MTs (Figure 3.1 and 3.2). We next investigated whether this
displacement of Kif2a from midzone MTs was dependent onragtisin contractility. Cells were
treated with @bbistatin as described previously (see Chapter 3) to block furrowing. Kif2a
immunofluorescence was detectable on midzone MTs in blebbittaited cells, including cells
in late C phase, as indicated by decondensed chromatin (Figure 4.9 B). Thigsstiggdsif2a
displacement from the midzone is coupled to cleavage furrow ingression and is not related to the
time spent in C phase.

The MT-depolymerizing activity of kinesii3s is negatively regulated by ABIK vitro
(Ohi et al., 2007) Kinesin13sdiffuse along the MT lattice through electrostatic interactions with
the tubulin Ehook (Helenius et al., 2006and ABK-dependent phosphorylation blocks the
enzymatic activity by decreasing MT bindifgndrews et al., 2004) With this in mind, we
investicated whether Kif2a midzone localization was phospmulated by treating cells with

ZM447439. We observed thain ZM447439treated C phase celi§f2a localized to a discrete
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band in the center of the midzoregardless of the state of furrow ingresdibigure4.9 C) This

was distinct fronthe broad midzone localization normally observed inimgnessed cellsHgure

4.9 A). This central region of the midzone represents the plus end overlap of midzone MTs
(Bieling et al., 2010)and we hypothesizedhdt this localization pattern indicated Kif2a

accumulation on MT plus ends. We confirmed this bgtaoning for the plus end directed
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channels) and tubulin (green).
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anaphase kinesin Mklp{Gruneberg et al., 2006; Jang et al., 2005; Neef et al., Zb@6jound

that Kif2a and MklpJonly colocalized after ABK inhibition (Figure 4.9 D). These results suggest
that ABK functions during C phase to prevent Kif2a accumulation on midzone MTs, especially in
ingressed cells. The presence of Kif2a immunofluorescence on midzone MTs ireeg¢dld tvith
ZM447439 may explain the sensitivity of these MTs to cold temperature and nocodagote (

4.1).

Kif2a regulatesmidzoneMT stabilization in non-ingressed cells

To investigate whether Kif2a affects midzone stabilization, we depletedofelig2a
using siRNA. Kif2a is notoriously difficult to deplete using RNAlehara et al., 20130 we
analyzed depletion efficiency by Western Blot of whole cell lysates, and by counting the number
of cells with Kif2a spindle pole staining after depdeti Normalized to tubulin, Kif2a protein
levels were reduced to 2610.8 % of that in control cells (meanSD, n=2 experiments, Figure
4.10 B). Kif2a immunofluorescence was detectable at the spindle pole i#a @3.26 (n=254) of
control depleted cedl howeverafter Kif2a depletion pole staining was only present in 32116
% of cells (meart SE, n=282) (Figure 4.10 C). These measurements indicate that Kif2a siRNA
treatment only partially depletes protein levels in cells. We tested midzone Mlitysia Kif2a-
depleted cells using cold temperature and-ingnessed cells showed a moderate, but statistically
significant, increase in midzone MT stability (Figure 4.11 D). After treatment with control SIRNA
32.4+ 3.6 % (mearx SE, n=93) of cells khmidzone MTs following cold treatment, whereas 56
+ 3.45 % (n=90of cells treated with Kif2a siRNA had cold stable midzone MTs, suggesting Kif2a
affects midzone MT stability during C phase. The moderate increase in midzone MT stability in

norringressedells after Kif2a depletion leads us to speculate that Kif2a is likely not the only
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Figure 4.10 Midzone stabilization in cells lacking Kif2a A) Top: Representative Western blot of Kif2a
protein levels after control or Kif2a RNAI. Tubulin is shown as a loading control. Bottom: Maximum z-
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Quantification of the percentage of cells with mMTs after control or Kif2a RNAi and cold treatment. Data
represents mean + SE. n=94 (control) or 174 (Kif2a), * = p < 0.05. E) Western blot of Kif2a protein levels
in HeLa and Kif2a KO cell lines. Tubulin is shown as a loading control. F) Quantification of the
percentage of cells with mMTs in HeLa orKif2aK O ¢ e | | 100icell=from ona elperiment.

factor regulating midzone MT dynamics. Taken together with the observation that Kif2a is

displaced by ABK activity in ingressed cells, our data suggests that Kif2afumation to

59



destabilize midzone MTs before ingression, and that ABliated displacement of Kif2a after
furrowing promotes midzone stabilization.

Given the noruniform depletion of Kif2a by RNAI and the unusually high percentage of
norringressed contratells with coldstable midzone MTs, we turned to the CRISE&s9(Mali
et al., 2013)system to generate Kif2a knock out cell lines. HelLa cells twice transfected with
gRNAs targetingKif2a were clonally selected and screened using immunofluorescencee Thre
cell lines with reduced Kif2a protein levels (Figure 4.10 E) were selected and analyzed for midzone
stability using cold treatment. Similar to Kif2a RNAI treatment, the percentage ohgmssed
C phase cells with coldtable midzones increased in &af KO cell lines. In HelLa cells 7.5%
(n=40) of nonringressed C phase cells had estdble midzone MTs, which more closely mirrors
midzone stabilization in nemgressed cells that we observed in other experiments (Figure 3.1).
In Kif2a KO cell lines, 30% (Kif2a KO 18, n30), 39 % (Kif2a KO 22, n36) and 55 % (Kif2a
KO 29, nZ0) of nonringressed cells had cefdable midzones (Figure 4.10 F). Notably, we later
determined that the Kif2a KO cell line with the largest increase in midzone stabilizati@a (Kif
KO 29) was not clonal. We isolated single clones by limiting dilution from Kif2a KO 29 and again
screened for a lack of Kif2a by immunostaining, however, these cells have not yet been analyzed

for midzone MT stability.

Discussion
Although the meleanism of midzone MT stabilization is not clear, our data identify the
CPC as a key mediator of this process; pharmacological inhibition of ABK at any point during

cytokinesis results in rapid destabilization of midzone MTs. The importance of CP-®iadiimg,
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via INCENP, in promoting midzone MT stabilization after furrow ingression further suggests that
the CPC may propagate a midzone MT stabilization signal that originates at the equatorial cortex.
The idea that the CPC participates in a feedbacktloairouples the activities of&ctin and MTs

during cytokinesis has been suggested previouslyetHil showed that ABK activity is required

for the formation of a midzone during monopolar cytokingklig et al., 2008) Our data also
suggests that th&inesinl3 Kif2a may be a regulator of midzone stabilization that acts
downstream of ABK signaling. Displacement of Kif2a from the midzone requires ABK activity
and depletion of Kif2a results in hypstable midzone MTs. Finally, the requirement fodzone
stabilization to promote furrow closure supports the notion that the activities of the actin and MT
cytoskeletal systems are interdependent, and illuminates the fundamental role of cytoskeletal

crosstalk during cell division.
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CHAPTERS

RECRUITMENT OF THE CHROMOSOMAL PASSENGER COMPLEKO THE DIVISON

PLANE

Introduction

At the metaphase to anaphase transition the CPC leaves the centromere and is targeted to
midzone MT plus ends and the equatorial coffedams et al., 2000; Carmena et al., 201@pke
et al., 1987; Earnshaw and Cooke, 199This localization depends on the plus end directed
kinesin Mklp2; previous work has shown that RNAi of Mklp2 eliminates CPC localization at both
midzone plus end and the cor{@runeberg et al., 2004; Hummeand Mayer, 2009; Kitagawa et
al., 2014) Mklp2-depleted cells are characterized by two phenotypes: first, the CPC remains
associated with chromatin throughout C phase, and second, cells fail to complete cleavage furrow
ingression(Gruneberg et al., 200&itagawa et al., 2013) Ingression failure in these cells is
distinctive in that cells initiate furrowing, but the furrow regresses before midbody formation
(Kitagawa et al., 2013) Our work shows that disrupting the INCEdEtin interaction perturbs
midzone localization of the CPC during C phase, however the role oftacting in regulating
CPC recruitment has not been studied. In this chapter, we present evidence foe@atident
recruitment of the CPC to the equatorial cortex. Cortically lpedlCPC remains associated with
MklIp2 as cell divide, however actin binding is sufficient to enrich CPC at the cortex in the absence

A modified versions in preparation for publication
Landino, Jand Ohi, R(2017)
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of motor. These findings suggekat the C phase localization of the complex is regulated in two
ways: through motedependent delivery to MT plus ends, and direct interactions with actin and

the equatorial cortex.

Aurora B kinase localizes to the division plane in the absence of MKlp

In agreement with previous wolKksruneberg et al., 2004yve found that Mklp2 RNAI
blocked midzone targeting of ABK and enrichment on chromosomes during C phase (Figure 5.1
A). However we also observed low levels of ABK aetdivision plane in cellwith no detectable
MkIp2 immunofluorescence. To quantify this, we analyzed the fluorescence intensity of ABK at
the division plane and observed that Mklp2 RNAI decreased CPC lewéiéd~27.9 + 4.3 AU
in control cells, data represent mean = SE, n=89;&7 + 1.4 AU in Mklp2depleted cells, n=27
cells, Figure 5.1 B). This finding differs from previous work in that we observed that low levels
of ABK immunofluorescence were still detectable at the division plane in the absence of Mklp2
(Figure 5.1 A).We also observed that ABK was present at the equatorial cortex in Md&jgéted
cells, as viewed using a volume projection (YZ dimensions) of the division plane (Figure 5.1 C).
This phenotype is unlikely to be due to partial motor depletion as the@bGIRC fluorescence is
localized to chromatin, a hallmark of Mklp2 RNAI treatment. These results indicate that Mklp2
depletion leads to a reduction, but not a complete loss of the CPC at the division plane. As our
previous work indicates a role for aetinding in regulating CPC localization during C phase, we
next investigated whether this residual population of ABK was recruited in andag@mdent
manner. To test this possibility, we briefly treated Mkébleted cks with cytochalasin B (5
eg/ ml 1 0 miaatin, antd we oldserged thapder thEse conditions, endogenous ABK

is only detectable on chromosomes and no longer concentrates at the divisiofFiglaree5.1
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Figure 5.1 The CPC localizes to the division plane in the absence of Mklp2. A) Left: Maximum z-
projections of HeLa cells transfected with control (top) or MkIp2 siRNA (bottom). Cells were stained with
antibodies to tubulin (green), Mkip2 (teal) and ABK (red). DNA (blue) was counterstained with Hoechst
33342. Dashed boxes indicate regions used for quantitation of ABK fluorescence. Dashed lines were
used to generate | ine sc an sansofABKflumesderae istensitylabngehe .
spindle axis in cells treated with control or Mklp2 siRNA. B) Quantification of ABK fluorescence intensity
at the division plane after treatment as described in A). n > 50 cells from three independent experiments.
* = p < 0.05. C) Top: Volume projections (YZ dimensions) of the division plane of cells treated as
described in A). Dashed lines were used to generate line scans. Scale bar 1 0  .eBottom: Line scans
of MkIp2 and ABK fluorescence intensity across the YZ projection of the division plane. D) Maximum z-
projections of HelLa cells transfected with control or MkIp2 siRNA and treated with DMSO or5¢ g/ 1t
cytochalasin B (Cyto B). Cells were stained with antibodies to tubulin (green), Mklp2 (teal), and ABK
(red). DNA (blue) was counterstained with Hoechst 33342. Scal e bar ., 10 & m.
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D). This observation suggests that@icruitment to the division plane in the absence of Mklp2

requires actin.

The CPC is enriched at sites of actiMT overlap during C phase

In agreement with previous wotlearnshaw and Cooke, 1991we found that ABK
localized to the cell periphery IMZ volume projections of the division plane atdCENP
immunofluorescence elocalized with actinin similar projections confirming that the CP@&
enrichedat the cell cortexduring C phase (Figure 5.2 A and.BThe equatoriakenrichment
overlapped wh cortically-associated MTs that apparently run along the cell cortex, demonstrating
that the CPQocalizes to regions where actin and MTs intersddbtably, we cannot resolve
cortically-associated MT plus ends in these cells and therefore cannotyspdwther this
represents localization to single MT plus ends that terminate at the cortex, or overlapping MT plus
ends. We further analyzed the spatial relationship betwibenCPC actin and MTs duringC
phaseusing single optical sectionsof INCENP inmunofluorescencat the division plane.We
observed that INCENRo-localized withMTs, cortical actin, or both filaments simultaneously
(Figure5.2 O, demonstrating that th€PC can accumulate on cortical actin at sites devoid of
furrow-associated MTs. His finding is in agreement with our previous work showing INCENP
binds actinin vitro andis consistent with thebservation thaABK decorats actin cables during
monopolar cytokinesifHu et al., 2008)

The colocalization of INCENP with both actin #iments and MTs prompted us to
investigate the role each filament system plays in positioning the CPC at the division\plane.
analyzed the localization of ABK in cells briefly treated whh ¢ ndcodazole5 € g/ ml

cytochalasin B or both drugs simultanasly. In DMSO-treated cells, ABK localized to a
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Figure 5.3 CPC localization to the division plane requires MTs and actin. A) Maximum z-projections
of the XY dimensions (top) and volume projections of ABK localization in the YZ dimensions (bottom) in
cells treated with DMSO, e N nogdonda zcoy tegs shoaltarzesusitn h
Brackets (red) indicate representative regions
the spindle axis. Cells were stained with antibodies to tubulin (green) and ABK (red). DNA (blue) was
counterst ai ned with Hoechst 3 3mB)Qualtifichtioneo) ABK Ifcdavidth aldng
the spindle axisinCphasecel | s treated with DMSO, MnoodpZolmlDatx
represent mean + SD. n = 14 cells per condition, * = p < 0.05. C) Maximum z-projections of cells treated
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cortex (Figures.3 A). Single drug treatments displaced ABK in two ways. First, the ABK band

~

widened ~2fold at its maximum points of separatiaiong the spindleaxic 4 . 6 N 1. 8 &m
nocodazole,n=1dells 4.2 N 1.7 e m af dels, FigwesiB) Sacand,éghe i n B,
cortical enrichnent of ABK was reduced (Figure 5.3.ANotably, ABK localizationto both the

division plane and the cell cortexas onlycompletelyabolishedwvhen actin filaments and MTs

were simultaneously disrupte@Figure 5.3 A and G suggesting that actin and MTs work

cooperatively to properly localize the CPC during anaphase.

INCENP-actin binding targets the CPC to the furrow in the absence of Mklp2

To furthercharacterize thenovement and localization of tl@PC duringC phasewe
studied the kinetics of CPC accumulation at the midzonecan@x in live cells transiently
expressing GFHINCENP (Figure 5.4A). At anaphase onset, GRPNCENP fAstr eamedo
centromerestotheentero f t he mi dzone at a anaBkn=6Xeveht§). 1 N
GFRINCENP then coalesced into numerous puiictae r eaf t er r e fthratmoved t o a
dynamicallythroughout the midzone ah average rate df. 4 N 1. 8 espofs,/Figure ( n =3 1
5.4 B). The rate of streaming was deterrditiy measuring the rate at which the fluorescence
furthest from the Mplus end overlap coalesced into a narrow band. This measurement likely
represents two oppositetlirected populations of motalriven transport moving towards each
other on the midzonemplying the rate of transport of a single population is approximately half.
Therefore, our analysis suggests that streaming and spot movement occur at simil&HFBtes.
INCENP spots were notably distinct from the CPC localization pattern visualimeohg
immunofluorescence, and may arise from overexpressg@pots were larger than CPC puncta

observed by immunofluorescence, and were not always uniform in size. These spots localized to
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both the midzone and the cortex, and can be observed to fuseldrturing early mitotic exit.

However, upon the initiation of furrowir@FRINCENPtook on an appearance indistinguishable
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Figure 5.4 Characterization of GFP-INCENP movements during C phase. A) Single z-plane
micrographs taken from a time-lapse movie of a HelLa cell transiently expressing GFP-INCENP. Time
is indicated in minutes relative to the initial frame. Box indicates region used to demonstrate streaming
inpanelC). Sc al e b m.rB) Quantificaton of the rate of GFP-INCENP streaming (left) and GFP-
INCENP spot movement (right). Spot movement analysis includes spots that moved uni-directionally for
at least two consecutive frames. Data represent mean + SD. n=52 events (streaming) and 316 spots
(spot movement). C) Single z-plane micrographs taken from the time-lapse movie shown in A). Time is
indicated in minutes:seconds relative to the initial frame. Arrows indicate streaming of GFP-INCENP
along a midzone MT, leading to coalescence into a single spot. Scal e bar , 10 -pdane.
micrographs taken from a time-lapse movie of a GFP-INCENP expressing cell depleted of Mklp2. Note
the lack of midzone-localized GFP-INCENP. Time is indicated in minutes relative to the initial frame.
Sc al e bm.E)Singledz-plane micrographs taken from a time-lapse movie of a GFP-INCENP CR-
expressing cell. Time is indicated in minutes relative to the initial frame. Sc al e b m.rF) Singl®
plane micrographs taken from a time-lapse movie of a GFP-INCENP CR-expressing HelLa cell depleted
of MkIp2. Note lack of midzone-localized GFP-INCENP CR. Time is indicated in minutes relative to the
initial frame. Dashed lines represent the cell boundary. Scal e bar , 10 & m.
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Figure 5.5 Cortical enrichment of GFP-INCENP at the
division plane. A, B, C, D) Top: Single z-plane micrographs in
the XY dimension and volume projections (YZ dimensions) of
the division plane in cells expressing GFP-INCENP or GFP-
INCENP CR and treated with control or Mklp2 siRNA. Dashed
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dimension. Continued on next page.
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from endogenous CPC in fixed cells. RNAI of MKipZGFRINCENP-expressing cells abolished
streaming and puncta formationgicating that these events depend on motor aciiFigure5.4
C).

In addition to midzone localizatipmnd in agreement with our observations from fixed
cells,we observe@dnaccumulation of GRNCENP at thecortexduringC phase (Figure 5.5 A)
We analyzed the enrichment of GHRCENP at the equatorial cortex using line scans of
fluorescence intensity across YZ projections of the division plane. Intensity values were
normalized to cytoplasmic (nemidzone) fluorescence to control for variable egsion, and
three peak intensity values were averaged to determine the relative increase in fluorescence at the
cortex. In cells expressing GHRCENP the cortical intensity was 4.5 + @d@d higher than the
cytoplasmic signal (Figure 5.5 E). Similardar fixed cell analysis, the cortical enrichment of
GFRINCENP was reducedbut not absent irMklp2-depleted ells. Cotical GFRINCENP
fluorescence was increased 2.3 +fa@ relative to cytoplasmic GFINCENP (Figure 5.5 &
Importantly, these cellsid not show any midzone MT localization, confirming successful RNAI
of Mklp2. The partial reduction of cortical GHRCENP in Mklp2depleted cells suggests the
motor is involved in cortical delivery of the CPC, perhaps furrow-associated astral MTs.
However, the presence of cortical GRRCENP fluorescence after Mklp2 depletion suggests that
there are alternative mechanisms that work to recruit the CPC to the cortex.

To test whether this Mkipthdependent cortical accumulation of GRFRCENP requires
an interaction with actin, watilized our previously described (see Chapter 4) INCENfh
binding mutant (full length GFINCENP CR)and analyzed its localization in the presence and

absence of MkIp2. Similar to wild tygeFRINCENP, GFRINCENP CR loalizes to the
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Figure 5.5 Continued. A, B, C, D) Bottom: normalized line scans of cells expressing GFP-INCENP or
GFP-INCENP CR and treated with control or Mklp2 siRNA. n=10 cells (GFP-INCENP wt + control siRNA
or Mkip2 siRNA, GFP-INCENP CR + control sSRNA) or 9 cells (GFP-INCENP CR + Mklp2 siRNA). E)
Quantification of cortical GFP-INCENP peak intensities as described in A-D). Three adjacent peak
intensity values were averaged for each individual cell, n=10 or 9 cells as described previously, * = p <
0.05.

centromersduring metaphase and movespstsalong the midzone during anaphase, suggesting
that this construct associates with other GB@iponents and MklpZ{gure 54 E). Also, like

wild type INCENP, GFAHNCENP CR movementsn the midzone are abolished by Mkip2
depletion Figure 54 F). Quantitationof cortical fluorescenceevealed that GRINCENP CR

was enriched3.2 + 04-fold (Figure 5.5 E) compared toytoplasmic fluorescence, which is
significantly lower than theortical enichment of wild typeGFRINCENP. These cells also
showed punctate localization in the cell middle, suggesting that the CPC can still localize to
midzone MTs in the absence of actin binding. The reduction in cortical enrichment compared to
wild-type GFRINCENP demonstrates that direct actin binding is required to fully recruit the CPC
to the cortex during C phase, even in the presence of Mklp2. However, disrupting the INCENP
actin interaction is not sufficient to fully abolish cortical enrichment. Tleeetwo possible
explanations for this: Mklp2 may transport the CPC along to the plus ends of -assowiated

MTs or MKIp2 could bind the cortex directly through an interaction with my@&tagawa et al.,

2013) Both mechanisms have the potentialrionpote CPC cortical localization even when actin
binding is disrupted. With these possibilities in mind, as well as our observation that-Mklp2
depletion reduces cortical enrichment of wild type @REENP, we next asked if GFIRCENP

CR could localize tohe cortex in the absence of motor. In Mkigppleted cells expressing GFP
INCENP CR the cortical fluorescence was lower than the cytoplasmic signat @16 fold

enrichment, Figure 5.5 E) indicating a loss of corticlllyalized CPC under these conalits.
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These results demonstrate tlatrtical enrichment of the CPC during C phase requires both
INCENP-actin bindingand transport by Mklp2. Moreover, our data suggests that a direct

interaction with actin is sufficient to recruit the CPC to the corethé absence of motor

The CPC and MkIp2 move together during C phase

Cortical localization of the CPC has been observed previdigsiynshaw and Cooke,
1991) although the mechanism of cortical recruitment has not been investigated. Our ahalysis o
GFRINCNEP cortical enrichment demonstrates that the CPC can target the equatorial cortex in
the absence of Mklp2, in a manner that depends on ING&ENR binding. Additionally, we
observed that actidependent recruitment by itself is inefficient edqpoting cortical enrichment.
This result might indicate that cortical recruitment of the CPC is asteyo process where MT
dependent transport by Mkl p2 deliver-soadedGPC
onto cortical actin. Alternative, transport by Mklp2 and INCENRBctin binding may work
cooperatively to position the CPC at the division site. As previous investigations of the CPC
MkKlIp2 relationship have primarily focused on midzone targeting, we asked whether cortically
localized CR was associated with MkIp2 in live cells. Cells transiently exprg$3FRINCENP
and Mklp2ZmCherry wer e pl at ed (Taneja et &.02016flatrai mitdtic br o n e
cells on the basolateral side and create a large cortical surface for imaging. As expected, spots of
GFRINCENP and Mklp2mCherry were céocalized on the midzone during C phase (Figure 5.6
B). In addition, we observed that spots of @RIEENP were cdocalized with Mklp2mCherry
at the cell cortexKigure 5.6A). These spots are also dynamically associated as they move in
unison when tracked ovéme by kymograph (Figure 5.6 A and B). Thelooalization of GFP

INCENP and MklpZmnCher ry on both the midzone-l@aadi nly® c
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model where cortically localized CPC represents a population that moves independent of the
motor.

To quantify the association of GRRCENP and Mklp2mCherry across multiple cells we
tracked t he Pe a-effciem (@Manders etrat., 19922t theocartexcand on the
midzone during C phas€igure 5.6C and D). GFRNCENP and Mklp2mCherry were positively
correlated on the midzone at anaphase onset (0.68 = 0.02, data represents mean + SD, normalized
time=0) and immediately before cleavage furrow ingression (0.72 = 0.11, normalized time=1, n=5
cells Figure 5.6 D) in agreement with fixedll observationgGruneberg et al., 2004)At the
cortex, GFPINCENP and Mklp2mCherry were similarly positively correlated at anaphase onset
(0.68 = 0.09, normalized time=0) and immediately before cleavage furrow ingression (0.68 + 0.05,
normalized tine=1, n=5 cells, Figure 5.6 C). Controklls ceexpressing GFHINCENP and
mCherry did not show a strong positive correlation on the cortex (0.25 + 0.03, normalized time=0;
0.07 £ 0.15, normalized time=1, n=3 cells) or onnidzone(0.26 + 0.02, normaled time=0;

0.30 £ 0.14, normalized time=1, n=3 eIl This result indicates that GARCENP and Mklp2
mCherry localization is positively correlated during early mitotic exit.

We next investigated whether the CPC and Mklp2 have similar dynamic pespmitthe
cortex and at the midzone. To analyze the movement ofISEENP and Mklp2mCherry we
used automated tracking to determine the XY position of spots ove(Timevez et al., 2016)

(Figure 5.6 A and B) and then quantified the msgqunared dispcement (MSD) of these tracks

Figure 5.6 Continued. Control cells expressing GFP-INCENP and mCherry are represented by gray-
scale circles. n=3 cells (control) and 5 cells (experimental) from three independent experiments. E, F)
Mean squared displacement (MSD) of GFP-INCENP (green circles) and Mklp2-mCherry (red circles)
spots on the cortex and midzone during C phase. Data represents mean = SE. Linear regression
represents best fit used to calculate the diffusion co-efficient. n=625 tracks (GFP-INCENP, cortex), 537
tracks (Mklp2-mCherry, cortex), 626 tracks (GFP-INCENP, midzone), or 424 tracks (Mklp2-mCherry,
midzone) from 6 cells from three independent experiments.
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(Tarantino et al., 2014a)At the cortex, the MSD of GFRNCENP was best fit using a linear
regression, as was the MSD of MkipEherry, indicating that cortical movement is largely
diffusive. The diffusion cefficient & GFP-INCENPwas2.5 x 10° um?%s (n=625 tracks from 6

cells), and the diffusion eefficient of Mklp2mCherry was similar at 1 10° um?s (n=537

tracks from 6 cells, Figure 5.6 E). The quantitative difference in-IBIEEENP and Mklp2
mCherry cortical dfusion is likely due to the fact that mCherry fluorescence is relatively dim
compared to GFP, and more difficult to detect by automated tracking. While the movement of
GFRINCENP and Mklp2mCherry was primarily diffusive, there were rare instancesrettd
movement detected during our analysis (see Figure 5.6 A and B kymographs). These events
comprised approximately-@% of the total time tracked, and are therefore unlikely to significantly
alter the diffusion ceefficient. The movements of midzotecalized GFANCENP and Mklp2
mCherry were also best fit by linear regression. Importantly, this analysis largely represents time
points after which the CPC has coalesced into discrete spots, and does not include directed
Astreami ngo e hase The diffusive behavibrpf MalpRampd CPC on the midzone
may indicate that motor activity is shut off after the complex reaches midzone MT plus ends, or
once the complex coalescence into spots. The diffusiafficients of GFPINCENP and Mklp2

mChary were nearly identical on the midzone (GRRCENP=1.9x 10° um?/s,n=626 tracks from

6 cells; Mklp2mCherry=2.1x 10° um?/s, n=424 tracks from 6 cell;igure 5.6 F) demonstrating

that the two proteins have the same dynamic behavior during early redticCombined with

our observation that GFIRCENP and Mklp2mCherry localization is positively correlated, we

propose that the CPC and Mklp2 are always associated during C phase.
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Dynamic cortical movement of the CPQdepends on actin and MTs

Our aralysis of GFPINCENP and Mklp2mCherry cortical movement indicates that the
CPC diffuses on the cell cortex during C phase. Additionally, our quantification cfKBEEENP
cortical enrichment demonstrates that robust recruitment of the CPC depends -dandatm
We next asked whether cortical diffusion of the CPC is affected by cortmetik To test this,
we treated cells expressingGFENCE NP, pl ated on 100 eg/ ml fibroc
cytochalasin B, to induce-&ctin disassembly; artdacked the XY positioiiTinevez et al., 2016)
of GFRINCENP spots on the cortex. In agreement with our previous findings;|KBEENP
cortical movement in cells treated with DMSO was best fit by linear regression, and the diffusion
co-efficient was1.9 x 10° um?/s (n=256 tracks from 6 cellskigure 5.7A). Treatment with
cytochalasin B prior to imaging dampened the movement of-IGHEENP on the cortex, and
significantly decreased the diffusion-efficient (1.1x 10° um?s, n=249tracks from 5 cells,
Figure 5.7 A). This observation suggests that rapid diffusion of corticalHlSEENP requires
actin filaments. Moreover, this finding argues against a model where coHawdinFacts as a
static tether for equatorial CPC.

Furrowassociated astral MTs atkought to stably interact with the equatorial cortex
(Canman et al., 2003)We therefore investigated whether MTs also influence cortical diffusion
of the CPC. We treated cells expressing GREENP,p| at ed on 100 withyg/ ml f
DMSOor5¢ M nocodazole to depolymerize MTs.- I n o1
dependent delivery of the CPC to the cortex, nocodazole was only added after cortical GFP
INCENP was detectable. The behavadrcortical GFRINCENP in DMSQtreated cellsvas
similar to our previous experiment and the diffusiorefficient well matched1(.9 x 1G um?s,

n=626 tracks from 6 cells, Figure 5.7 B). Treatment withMhocodazole altered the movement
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of cortical GPP-INCENP and partially decreased the diffusioretficient (1.4 x 18um?/s n=424
tracks from 9 celldrigure 5.7B) indicating that MTs also promote diffusion of the CPC along the
cortex. Notably, depolymerizing MTs had a smaller effect on corticalsiltfih than disassembly

of actin filaments (nocodazole ~26% decrease of the diffusiaifimdent; cytochalasin B ~42%

A GFP-INCENP B GFP-INCENP
Time=0s T Projection Time=0s

Os

1.24 1.24

® DMSO
i " | O Cytochalasin B 11

T Projection

DMSO
DMSO

5uM
Nocodazole

5 pg/mi
Cytochalasin B

® DMSO
O Nocodazole *

0 20 40 60 80 100 120 0 30 20 60 80 100 120

Time (sec) Time (sec)

Figure 5.7 GFP-INCENP cortical movement depends on actin and MTs. A, B) Top left: Single z-
plane micrographs of the cell cortex or midzone taken from a time-lapse movie (time=0 seconds) of a
HelLa cell transiently expressing GFP-I NCENP pl ated on 100 ¢gg/ ml fi
eg/ml cytochalasin B, or 5 €M nocodazole prior to imaging. Top right: Micrograph time projections of
GFP-l NCENP fluorescence over the cour sneprojéctiodstdle, s
seconds to 170 seconds. Bottom: Mean squared displacement (MSD) of GFP-INCENP spots on the
cortex and midzone in cells treated with DMSO (open circles), or 5 € g/ml cytochalasin B (closed circles),
or 5 ¢ M nocodazole (closed circles). Data represents mean * SE. Linear regression represents best fit
used to calculate the diffusion co-efficient. n=256 tracks (DMSO) from 6 cells, 249 tracks (cytochalasin
B) from 5 cells from three independent experiments as described for A). n=626 tracks (DMSO) from 6
cells, or 424 tracks (nocodazole) from 9 cells from three independent experiments as described for B).
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decrease of the diffusion -@fficient). This comparison suggests that while actin and MTs both
influence cortical diffusion of the GR, actin plays a larger role in promoting movement on the

cortex.

INCENP overexpression rescuesleavage furrow ingressionn Mklp2 -depleted cells

We next investigated whether corticalbcalized CPC was functional during C phase. We
tested this by loserving the success of cleavage furrow ingression in Migpeted cells.In
agreement with a previous stu@itagawa et al., 2013)we observed that ~47% of Mklp2
depleted cellsn=7/15 cells) successfully completed cleavage furrow ingresBigare5.8 A), as
judged by imaging mChersytrophinto mark the furrow. Cellthat failedto complete furrowing
did so as a consequence of furrow regression ratheatfalure to initiate ingression, mirroring
the phenotype others have obser{kdagawa etal., 2013) In contrast92% of control cells
(n=11/12 cells) completed furrow ingression, resulting in the formation of a midbody.
Surprisingly, transientoverexpression of GFINCENP rescued the ability of Mklp@epleted
cells to complete cytokinesi92% (=11/12) ofcells expressinGFRINCENP completed furrow
ingression, similar to control transfected cells (100%, 8/8 cells; Fig8r®). The timing and
rates of furrow ingression were similar between cordeglleted cells and Mklp@epleted ced
expressing GRFPNCENP (Figure 5.9 A and B In control siRNAtransfected cells expressing
GFRINCENP, furrow ingressiostarted6.01 + 1.12 min (mean = SD) after anaphase onset (n=5
cell , and proceeded at a celld.tMkip2edépleted céllg exiessing 3 6
GFRINCENP began furrow ingression 5.89 + 1.29 min after anaphase onsetngaession
progressed ataratedf. 51 N 0. 4 2, Figure/5/8 B and )C rankiént expression of

GFRINCENP led to a 2.80ld increase in INCENP protein levels, as assessed by Western blotting
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Figure 5.8 Overexpression of GFP-INCENP rescues cleavage furrow ingression in Mklp2-
depleted cells. A, B, C) Top: Single z-plane micrographs taken from time-lapse movies of cells
transiently expressing mCherry-Utrophin, GFP-INCENP, or GFP-INCENP CR in the presence or
absence of MkIp2. Time is indicated in minutes. Dashed lines were used to generate kymographs. Scale
bars, 1 ;. Bettom: Kymographs of mCherry-Utrophin, GFP-INCENP, or GFP-INCENP CR
fluorescence across the division plane. Scale bars, 2.5 minutes (y a x i s) a n dx adis). D)e
Quantification of the percentage of cells from A) and B) that successfully completed furrow ingression.
For mCherry-Utrophin-expressing cells, n=12 (control) and 15 (MkIp2 siRNA) cells. For GFP-INCENP-
expressing cells, n=8 (control) and 12 (MKkIp2 siRNA) cells. E) Quantification of total percentage of cells
from C) that successfully completed furrow ingression. n=14 cells per condition. F) Immunoblots of cell
extracts prepared from Hela cells transfected with GFP or GFP-INCENP. ABK levels are unchanged
when GFP-INCENP is overexpressed. Tubulin is shown as a loading control. Molecular weight
standards are indicated in kDa.
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Figure 5.9 Dynamics of C phase in cells expressing GFP-INCENP. A) Quantification of the rate of
cleavage furrow ingression in cells expressing mCherry-Utrophin. Cells were transfected with a control
or MkKIp2-targeting siRNA. Cells that failed to complete furrow ingression were not scored. Data
represent mean = SD. n=12 (control) and 6 (MkIp2 siRNA) cells. B) Quantification of the rate of furrow
ingression in cells expressing GFP-INCENP. Cells were transfected with siRNA as described in A). Cells
that failed to complete furrow ingression were not scored. n=6 (control) and 12 (MkIp2 siRNA) cells. C)
Quantification of the time to ingression onset, measured relative to anaphase onset. Cells were treated
as described in B). Data represent mean + SD. n=5 (control) and 6 (MkIp2 siRNA) cells. D) Quantification
of the rate of cleavage furrow ingression in cells expressing GFP-INCENP CR and transfected with a
control siRNA. Cells that failed to complete furrow ingression, including cells transfected with an Mklp2-
targeted siRNA, were not scored. n=8 cells. E) Quantification of the time to ingression onset measured
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(Figure 5.8 F) but did not result in a gross overexpression of ABK -{@l@ increase),
demonstrating that INCENP overexpressanes not concomitantly increase expias of other

CPC components.

81



Furrow ingression rescue requires INCENPactin binding

Using the INCENP CR mutant, we next tested whether-aejpendent furrow enrichment
of INCENP can explain its ability to rese cytokinesis in Mkip2lepleted cells. Control or
Mklp2-depleted cells were transfected with GINRCENP CR and imaged durir@ phase 78%
of controtdepleted cells expressing GHRCENP CR (=11/14 cellsprogressed through C phase
normally and compled furrow ingression, forming a midbodligure 5.8 §. The time from
anaphase onset to furrow ingression was identical to control cells (6.64 + 2,(Rigune 5.9 D,
and the rate of furrow ingression in cells expressing-FFENP CR wasomparable teells
expressing wild type GRNCENP (1.11 N 0. 2 6 )k mfamtrast,,aly n =8 ,
14% of Mklp2depleted cells expressing GIRRCENP CR (=2/14 cells) successfully completed
furrow ingression (Figures.8 B, indicating that INCENP overexgssion rescues furrow
ingression in Mkpziepleted cells in a manner that requires actin binding. Interestingly, furrows
did not initiate ingression in Mkip8epleted cells expressing GHRCENP CR, strongly
suggesting that actidependent targeting of tl&PC to the cortex isequiredto initiate cleavage

furrow ingression in the absence of Mklp2.

Cleavage furrow ingression in cell lines stably expressing GFHIRICENP

As transient expression of GHNCENP could affect the success of cleavage furrow
ingresion in a manner dependent on the level of protein expression we generated stable cell lines
that uniformly express GFRNCENP in a doxycyclinenducible manner (see Materials and
Methods). These cells expressed GREENP in addition to endogenous INCEN&though
overexpression of INCENP was lower than transient transfection-fdld%or GFRINCENP,

1.64fold for GFRINCENP CR, Figure 5.10 F). As a control, we tracked the success of cleavage
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Figure 5.8 Stable overexpression of GFP-INCENP rescues cleavage furrow ingression in Mklp2-
depleted cells. A, B,) Top: Single z-plane micrographs taken from time-lapse movies of cells stably
expressing GFP-INCENP or GFP-INCENP CR, after 24 hours in 2 eg/ml doxycycline, in the presence
or absence of MkIp2. Time is indicated in minutes. Dashed lines were used to generate kymographs.
Scale bars, 10 em. Due t o-INCENP CRgreengaftar MikpZ depletion,iwg I
tracked furrow ingression by DIC. Bottom: Kymographs of GFP-INCENP, GFP-INCENP CR
fluorescence, or DIC imaging across the divisi
axis). Continued on next page.

83



Figure 5.8 Continued. C) Quantification of the percentage of cells stably expressing GFP successful
in cleavage furrow ingression in the presence or absence of Mklp2. n=8 (control) and 10 (MkIp2 siRNA)
cells. D, E) Quantification of the percentage of cells successful in cleavage furrow ingression as
described in A) and B). For GFP-INCENP-expressing cells, n=14 (control) and 10 (MkIp2 siRNA) cells.
For GFP-INCENP CR-expressing cells, n=12 (control) and 13 (MkIp2 siRNA) cells. F) Immunoblots of
cell extracts prepared from cells stably expressing GFP or GFP-INCENP CR after24hour s i n
doxycycline. Molecular weight standards are indicated in kDa. Boxes (bottom) represent the fold change
in INCENP expression after doxycycline relative to non-induced cells.

furrow ingression in a cell line expressing GFP alonthe presence and absence of MkIp2. In
agreement with our previous findings, 100% of G#pressing cells treated with a control sSiRNA
successfully completed furrowing (n=8/8 cells), while only 50% of Midppleted cells (n=5/10
cells) completed furrowngression (Figure 5.10 C). Stable expression of -®RPENP also
showed a similar phenotype to transient transfection. Cedéaketed cells completed furrow
ingression 92% (n=13/14 cells) of the time, and Midjgpleted cells expressing wild type GFP
INCENP were similarly successful (80%, n=8/10 cells) demonstrating that even low level
overexpression of INCENP can rescue furrowing after Mklp2 RNAI (Figure 5.10 A and D). Stable
expression of GRHINCENP CR, however, was not sufficient to rescue furrgwafter Mklp2
depletion. 83% (n=10/12 cells) of GFERCENP CRexpressing cells transfected with control
siRNA completed furrowing, while only 23% (n=3/13 cells) of cells transfected with Mklp2
siRNA completed furrow closure (Figure B and E). A portiothefse cells were able to initiate
furrowing, but this event was soon followed by furrow regression. Other cells were unable to
initiate furrowing, in agreement with our observations from transient transfection. These findings
demonstrate that even loesrel overexpression of INCENP can rescue cleavage furrow ingression,
and that regardless of expression level, the INCEAbI#h interaction is required for furrowing in

the absence of Mklp2. Taken together, the general observation that overexpressiGENPIN
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rescues furrowing in a manner that depends on-aatoting, suggests that the cortical population

of the CPC is functional during C phase, and is sufficient to promote the final steps of cell division.

Discussion

While it is well accepted that tlgP C traffics to the spindle midzowm Mklp2-dependent
transpor{Cesario et al., 2006; Gruneberg et al., 2004; Hummer and Mayer, 2009; Jang et al., 2005;
Nguyen et al., 2014how the CPC concentrates at the equatorial cdréekremainedargely
unchaacterized. As with midzones, MT association provides one plausible explanation. MTs
lining the equatorial cell perimeter are abundant, as are those whossngfugerminate there.
Indeed, our data shows-tmcalization of the CPC with corticallgssocated MTs at the division
plane. However,the CPC also localizes to cortical actin, and disrupting the INC&dtiR
interaction perturbs normal C phase localization. Moreover, ABK andISEENP both localize
to the equatorial cortex in cells depleted oklp2. Our work suggests that the GRCln
interaction regulates the recruitment of the complex to the equatorial cortex and is sufficient to
promote cortical localization in the absence of motdérfe found that proper CPC localization
during C phaseequres both actin and MTs; single disruptsoaf either cytoskeletal system, by
filament disassembly, or by abolishing the interaction between the CPC and cytoskeletal filaments,
are insufficient tdully displace the CPC from tlmidzone or the equatoriabdex It is important
to note that CPC interactions witha€tin and furrowassociated MTs do not appear to statically
link the complex to the cortex. The CPC diffuses on the cell cortex during early mitotic exit and
cytoskeletal perturbations diminiglortical diffusion. However, the CPC remains at the cortex
after single filament disruption, suggesting tethering mechanisms, such as-mdsh

(Kitagawa et al., 2013pr Mklp2-lipid interactions(Fung et al., 2017)may be involved in
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maintaining coiital localization. Our studies suggest that cortical diffusion is primarily dependent
on actin filaments, indicating that the behavior of the CPC once it reaches the cortex does not
depend on motor activity. This is distinct from the proposed mechanistkig?-based transport

to target midzone MT plus end<Collectively, thesdindings lead us to propose that the CPC
concentrates at the equatorial cortex becauaetii and MT plusends overlap thereFinally,

cortical CPC is functional to promote cleme furrow ingression in the absence of Mklp2,

suggesting that successful cell division does not necessarily require midezaliwed CPC.
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CHAPTER 6

CONCLUDING REMARKS

Cytoskeletal coordination during C phase

A variety of essential cellular furiohs depend on active cooperation between the actin
and microtubule cytoskeletorfRodriguez et al., 2003) During cell migration, actin and MTs
cooperate to drive forward motilifBallestrem et al., 2000)In neurons, cytoskeletal dynamics
are synchronized during pathfindi ndSchaefergtr ev en
al., 2002; Zhou et al., 2002)The adwities of actin and microtubules are highly coordinated
throughout the process of cell division as well. For example, actin and myosin interact with astral
MTs to position centrosomgsiwang et al., 2003; Kwon et al., 2015As cells exit mitosis,
furrow-associated astral MTs specify the division site by serving as tracks to deliver factors that
promote assembly of the contractile ar(@andato et al., 2000; Mishima, 2016)Vith respect to
mitotic exit, it has remained unclear whether cytoskeletakdsdk occurs in the reverse direction;
that is, does cortical actin regulate MT dynamics? Work using monopolar cytokinesis as a model
suggests that acimyosin contractility is required for midzone formati@du et al., 2008)
however, efforts to invegiate this relationship during bipolar cytokinesis have produced
conflicting resultgCimini et al., 1998; Straight et al., 2003)ctin-to-microtubule communication
could allow plasticity in positioning the division plane before furrowing, or ensurethbat
midzone does not form a barrier before chromosomes have fully segregated.

In this study we have demonstrated that @wy@sin contractility is required for bipolar
midzone stabilization, suggesting there is signaling which links the activities aat@ttin to
midzone MTs. Moreover, we have identified the CPC as a key mediator of this feedback signaling.
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This finding parallels the cytoskeletal coordination that occurs during monopolar cytokithesis

et al.,, 2008)and supports the idea that crégik occurs in the corteto-midzone direction.
Additionally, we observed that cleavage furrow ingression fails in cells with unstable midzones
(see Chapter 4). This finding is particularly exciting as it suggests MT stabilization is an essential
step incytokinesis.An intriguing possibility is that positive feedback frahe midzongromotes

furrow closure, creating a double feedback la@dytoskeletalcommunication Whether this
feedback is representative of-directional signalingvia the CPC isyet to be determined.
Nevertheless, wr work underscores the notion that cytokinetic processes cannot bedsasda

linear series of events ey involve feedback loops that dynamically contieetspatietemporal

activities of actemyosin andnidzoneMTs.

Monopolar cytokinesis as a tool for studying feedback signaling

A number of previous studies have investigated the localization and function of C phase
proteins using monopolar cytokinesis as a model syftenet al., 2008; Kitagawa et al., 2013;
van der Horst et al., 2015)While myosin 1l and ABK inhibition blocknonopolar midzone
formation these perturbations do not affect midzéorenationin bipolar cells, and instead alter
bipolar midzone stabilizatigran outcomeavhich we suggest reflecessfundamental difference in
the properties of monopolas bipolar midzonesThis is somewhat unsurprising as the plus ends
of MTs in bipolar midzones are crelisked within the antparallel overlap, due to treetivity of
PRC1 (Bieling et al., 2010; &ramanian et al., 201@nd associated factors, such as4ik
(Kurasawa et al., 2004)Our findings lead us to propose thatative to monopolar midzones,
bipolar midzones mayeomore organizationally robust. In accordanath this idea, PRC1 and

Mklp1 are delocalized in monopolar midzones that do manage to form in the presence of an ABK
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inhibitor (Hu et al., 2008)whereas PRC1 and MKIp1 localizations are qualitatively unaffected by
ABK inhibition during bipolar cytokinesisSee Chapter 4)Despite he organizational differences,

there appears to be comparable feedback signaling that exists in both monopolar and bipolar C
phase cells. However, the outcome of this signaling pathway differs; i.e. midzone formsation
stabilization. This observationdicates that monopolar cytokinesis could be a useful tool beyond
studying protein localization. Our work predicts that signaling factors which affect bipolar
midzone stability would also regulate monopolar midzone formation, and vice versa. This may
present an opportunity to rapidly screen for factors involved in cytoskeletattai@sguring C

phase.

Midzone stabilization during mitotic exit

An important goal for the future will be to determine the significance of midzone MT
stabilization during biplar cytokinesis. One obvious possibility is that midzone stabilization
ensures that cells will undergo abscission properly, through the formation of a functional midbody
that in turn recruits abscission factors, such as the ESCRT macliBergn et al.2012)
However, cells with unstable midzones, saskleaving cells treated with nocodaz@&heatley
and Wang, 1996J¥ail in cytokinesis prior to abscission, implying that midzone stability may play
an earlier role in promoting cleavage furrow ingr@ssHere, we used the INCEN#&tin binding
mutant to selectively block midzone stabilization after furrowing and found that furrow ingression
failed before midbody formation (see Chapter 4Ylidzone stabilization appears to be the
underlying factor as uirrow closure was rescued by treating cells with low dose taxol.
Unfortunately, we cannot rule out the possibility that the ABK phogphdient(Afonso et al.,

2014; Fuller et al., 20083 also disrupted in these cells, as the dgiidling mutations ab affect
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CPC midzone localizationAddressing the function of midzone stabilization in furrowing cells
will require a more precise experimental approach to pe@yshaseMT dynamicsin a manner
that does not broadly disrupt CR§Zalization andunction.

While our work suggests that midzone stabilizatiormammaliancells is required for
successful furrow closure, the function MfT stabilizationduring C phaseanay be celitype
specific. Studies of midzones in millimetgzed urchin embrydsavesuggested that stabilization
- assessed by nocodazole resistarzn occur prior to cleavage furrow ingressf{boe and von
Dassow, 2008) It hasalsobeen proposed that the midzone array of urchin embryos generates
MT-dependent signaling that specifidtge cleavage planBement et al., 2005)which may
explain why midzone MTs are stabilized earlier relative to mammalian deNgstigations of
midzone organization and stability (. elegandndicate that MTs are generally required for
successful clavage furrow ingressioffGuse et al., 2005; Raich et al.,, 1998pwever, an
organized midzone is dispensable for cytokin@gesbrugghe and White, 2004 his may point
to a role for furrowassociated MTs in driving furrow closure in this systemea@ge plane
specification in smaller somatic cells is a function that has been ascribed to-assowated
astral MTs(Canman et al., 2003; Shannon et al., 20pBjentially negating the requirement for
highly stable midzones in early anaphesmammalia cells Taken together with work presented
in this study, these findings indicateat the timing and function of midzone stabilization differs
among organisms and cell type€ne plausible explanation for this phenomenadhas cell size
may dictatethe function and therefore stability &f phaseMT subsets Urchin embryos are
significantly larger than somatic cells, and a stable midzone array may be more efficient at
propagating diffusiofbasedsignaling(Nguyen et al., 2014) Another possibilitys thatmidzone

stability is tied toMT geometry For example, the MT arrag C. elegangmbryos is comprised
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of a compact midzone and large astral MRsich et al., 1998)vhile midzones in mammalian
cells are much larger relative to cell size and abtfied are less dominant in C phggankin and
Wordeman, 2010) These ideas are not mutually exclusive and many factors may work in concert
to influence midzone stabilizatiomn the future, determining the relative importance of astral MTs
and midzone M$ in positioning the cleavage furromnd promoting ingressiomay provide
insight as to why the timing of midzone stabilization varies among different cell t¥ieswill

require strategies that selectively attereliminatespecific subpopulations ofC phase MTs

Aurora B kinase mediates cytoskeletal crostalk

While the CPC is known to regulate many aspects of cytokinesisp#ugicfunction of
the CPC at theell cortex has remained elusif€armena et al., 2012)/NV/e have shown that the
CPCcoordinates the initiation of furrowing with midzone MT stabilizatidBignificantly, the
ability of INCENP to bind actin is essential thisfunction of the CPC. This key finding strongly
suggests thaEPGmediated cytoskeletal feedback signalingiates at the cortex. Determining
the mechanism(s) by which ABK coordinates midzstadilizationwith furrowing is an important
area of future work. We find that perturbations of the CPC, either through pharmacological
inhibition of ABK or through disrpting INCENRactin binding, specifically alters midzone
stability after cleavage furrow ingression, suggesting ABK signaling is likely to function
downstream of myosin Il activity (see Chapter #n exciting possibility is that INCENfctin
binding enalds the CPC toespond tghysical changes in the furrow as it ingresses. Furrow
ingression could impact ABK activity at a molecular leveh number of ways. For example,

CPC clustering@nd MT binding both increase ABK activily vitro (Kelly et al., 207; Noujaim

et al., 2014; Rosasdditcheretal.,2008) and cl eavage furrow ingress
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i n di mensionalityo by bringing nei ghboring
signaling. One way to test whether aotgosin activateABK through clustering would be to
measure the activity of recombinant ABK vitro in the presence of-&ctin or an actanyosin
contractile meshworkKasza and Zallen, 2011) Previous studies of Md@ependent CPC
activation(Noujaim et al., 2014; Rosastditcher et al., 2008ead us to predict that contraction
dependent clustering of the CPC would hyaetivate ABK. Another model that might explain
ABK activation after furrowing, is that as the circumference of the cortex shrinks the midzone
bound subisates of ABK become more accessible to corticklbalized CPC. In contrast to this
model, we do not observe that MTs closest to the cortex become stabilized first. In other words,
MTs in the center of the midzone are cetdble even in the early sesyof ingression. However,

it is plausible that reducing the distance between the cortex and midzone, through furrowing, may
allow for more efficient transmission of ABK signaling across the mid¢Nigelyen et al., 2014)
Finally, cleavage furrow ingreiss could induce conformational changes in INCENP which
activate ABK signaling. The structure of fldingth INCENP remains unsolved, however, the C
terminal half is primarily comprised of a singiépha helical (SAH) domain which has been
proposedtofunt i on as al e&€dselxd bd uer ifAnBantgiimeoetad, 2GELP)Thia s e
model suggests that the flexibility of the SAH domain allows ABK to reach substrates at the outer
kinetochore, even while the -términus of INCENP is anchored at the centeom It is
conceivable that flexibility conferred by the SAH domain allows for conformational changes of
INCENP at the cortex as well. Distinguishing between these possibilities will be important for
elucidating the mechanism of ABK feedback signalingirdu cleavage furrow ingression.
Generally, we anticipate that the INCENP adtinding mutant described here will lbeuseful

tool to probethese models.
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Microtubule dynamics regulators and midzone stabilization

Our work clearly indicates that thereastransition from unstable to stable midzones as
cells progress through C phase. We have identified the CPC as a mediator of cytoskeletal cross
talk that drives midzone stabilization, however, we have yet to fully identify substrates of ABK
that regulateMT dynamics at this stage of division. Our preliminary investigation of Kif2a
suggests that it may be one effector of feedback signaling. Kif2a is displaced from the midzone
after ingression in a manner that depends on ABK activity, and eliminating kKefults in a
moderate increase in midzone stabilization before furrowing. The generation of Kif2a KO cell
lines presents an opportunity to further characterize the role of Kif2a in regulating midzone MT
stability. An analysis of midzone stabilizationi t hi s cel |l | ine using our
would allow us to more carefully quantify small changes to MT stability in the absence of Kif2a.
For example, the addition of high dose of nocodazole may show that midzones in Kif2a KO cells
depolymerizenore slowly than the parent cell line. This result would not be revealed by analyzing
cells exposed to cold temperature. Another informative experiment would be to express Kif2a
phosphemutants(Ohi et al., 2007; Uehara et al., 2018Xhe KO cell lineand examine Kif2a C
phase localization and midzone MT stability. Based on our preliminary experiments, we predict
a nonphosphorylatable mutant of Kif2a will localize robustly to midzone MT plus ends
throughout C phase. This may also cause midzonetmie cold and nocodazedensitive after
furrowing, thereby phenroopying ABK inhibition. Alternatively, an ABK phosphaimetic
would be expected to prevent Kif2a midzone localization. Our Kif2a RNAI experiments suggest
this would likely cause midzone® become hypestable before furrow ingression. These
experiments have the potential to reveal how ABK feedback signaling directly regulates midzone

MT stability.

93



It is worth mentioning that we have searched for other microttdmdeciated factors tha
may be involved in regulating midzone MT dynamics. To do this we have screened the C phase
localization of candidate proteins before and after cleavage furrow ingression, and before and after
ABK inhibition. For example, PRC1 and Kif4A have roles igukating midzone organization
and length immediately after anaphase onset, however, both proteins are associated with midzone
MT plus ends regardless of the state of cleavage furrow ingré&sicasawa et al., 2004; Shrestha
et al., 2012; Subramanian dt,2013) We have also investigated the C phase localization of
kinesins that associate with the midzone such as Mklpl, Mklp2, Kifl8a, andZBg5et al.,
2005b) Unfortunately, the steady state localization of these proteins does not reflect pattern t
would explain changes in midzone stability. Even so, these proteins may still be involved in
regulating midzone MT dynamics. Importantly, we do not believe that depleting these proteins by
RNA. is a useful approach for testing their role in midzamabiszation, as this is likely to cause
major disruptions to cell cycle progression and midzone organization, which would complicate the
interpretation of any observed effect on midzone stabilization. Investigating whether these factors
influence midzonestabilization may instead require an analysis of protein dynamics within the
plus end overlap. It is possible that the turnover of-pht$ associated proteins decreases after
the initiation of furrowing, and this could stabilize MT plus ends withougadiisochanging the
steady state protein localization. This question could be addressed usingP&IEds Santos et
al., 2015)r photeactivation(McKinney et al., 20099f proteins localized to the phkend overlap
before and after furrowing. A decreaseprotein turnover might suggest that MT plus ends
become stably embedded in a crbsked matrix after cleavage furrow ingression. This could
affect midzone MT stability by making the plus ends inaccessible to destabilizing {&i¢adczak

et al., 2@3). Using this approach, it would be possible to investigate whether factors that regulate

94



midzone formation in early C phase also impact midzone MT stabilization after furrowing.
Moreover, this analysis could be coupled to investigations of depletienopypes using the
monopolar cytokinesis model system. Factors that appear to stabilize bipolar midzone MTs would

be predicted to promote monopolar midzone formation.

The role of actin in CPC C phase localization

Previous studies of CPC recruitmenttie plus end overlap and the equatorial cortex have
focused primarily on MKklp2iependent transport along M{{Gruneberg et al., 2004; Hummer and
Mayer, 2009; Kitagawa et al., 2018ile the mechanism of cortical localization of the CPC has
remained largglunexploredEarnshaw and Cooke, 1991 his is somewhat surprising given the
number of cytokinetic functions attributed to AB{Carmena et al., 2012nd the proposed
requirement for proper localization in carrying out those funct{éfsnso et al., 204; Fuller et
al., 2008) We find that theCPC distributes more broadly along the midzone in cells expressing
an INCENP actirbinding mutant (GFANCENP CR, see Chaptep 4nd this result ledis to
speculate thahis interactiormaybe involved inCPClocalization during C phasdn agreement
with this idea, we found that actbinding is sufficient to recruit the complex to the cortex in the
absence of Mklp2. We have also observed that cortically localized CPC can rescue furrow closure
in Mklp2-depletel cells indicating that this population of CPC is functional for cytokinesis. Our
investigation shows that the CPC diffuses along the cell cortex before furrow ingression, in a
manner that depends primarily on actin flaments. Therefore, we proposérdichirderactions
between the MklpZPC complex and actmyosin underlie cortical recruitment.

Our work implies that there is cooperation between actin and MTs in localizing the CPC

during normal C phase, however, what remains unanswered is how IN@&iNminding can
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promote recruitment to the division site in the absence of Mklp2. We generally do not observe
cortical enrichment of GRINCENP near the spindle poles, and we can clearly detect CPC at the
equatorial cortex and midbody of Mkhazpletedcells by immunofluorescence and heell
imaging (see Chapter 5As cortical actin is only moderately enriched (~fiolsl) at the site of

the presumptive furrow in mammalian ceMurthy and Wadsworth, 2005; Rankin and
Wordeman, 2010Q)we predict thathe mechanism of actibased recruitment to tloell equators

more complex. One way the CPC could become enriched in the cell middle is through cortical
flow towards the division sitéBray and White, 2017)however our study suggests that the
movemenbf GFRINCENP on the cortex is primarily diffusive. We cannot rule out the possibility
thatcortical diffusionswitches to flow after RNAi of Mklp2and this hypothesis could be tested
using lectins to block cortical flow during C phg&osenblatt et gl2004) Unfortunatelycells
lacking MkIp2 do not have enough cortically localized GRRCENP to accurately tracknd
characterize spot movementOther explanations for medial CPC enrichment include the
possibilities that the CPC reaches the corteauyn cytoplasmic diffusion, or is targeted there
through yet unknown direct interactions with factors within the contractile abdferentiating
between these possibilities has the potential to reveal the physiological relevance of Mklp2

independent r@ruitment of the CPC to theortex

CPC movement during C phase

The behavior and transport of the CPC observed in live cells is strikingly complex. The
movement of MkIp2CPC can be described in two phases. First, the CP®aw$ from
centromeric clomatin at anaphase onset, and is rapidly transported to the plus end overlap of the

nascent midzone. Second, the CPC diffuses on the cortex and midzone until the onset of cleavage
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furrow ingression. Transport on the early midzone to MT plus ends apgpesepend on motor
activity, as this event is absent in Mkig2pleted cells. The window of time where-lafdding

and plusend directed transport occurs is short (< 2 min after anaphase onset) and future
characterization of these events would benefiiffogh-speed imaging. It is encouraging that the
rate of streaming measured in our system is comparable to CPC pldsentdd streaming on

MT asters in vitraNguyen et al., 2014) A number of unanswered questions about these early
events remain. Whdoes the CPC ofbad onto the newly formed midzone, as opposed to other
populations of MTs? Are there regulatory factors that function to couple centroméradiffg

to MKkIp2-CPC complex formation? Monopolar cytokinesis may be the best model dystem
addressing these questions as one complication of studying this process in bipolar cells is that the
chromosome masses mask the GREENP signal on the early midzone. It would also be useful

to track CPC ofloading using a photoonvertible INCENP mbe(Bancaud et al., 201@yhich

would allow us to follow the movement of a specific fadpulation of centromeric CPC and
analyze its behavior as cells transition into C phase. This type of analysis could potentially provide
more detailed and quantite#i information about the first steps of Mkig2pendent CPC transport

on the midzone.

Our data indicates that once streaming is complete motor activity no longer dominates C
phase movement of the CPC. Midzdoealized MkIp2CPC is diffusive after streaing,
suggesting that motor activity is shut off. One explanation is that the bulk of N#E2remains
stably associated with MT plus ends, either due to the inherent properties of the motor or perhaps
through interactions with other factors at the pdumsl overlap. In this scenario, the midzone
diffusion of Mklp2CPC would be correlated to diffusive movement of the entire MT filament

within the midzone. Alternatively, MKIBEZPC spots could transiently interact with midzone MT
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ends and move laterallyag the plus end overlap. This model is in agreement iwithtro
studies of ABK plus end localization using centrosemeleated aster@Nguyen et al., 2014)
Previous studies have indicated that the-MiAding activity of INCENP promotes Mklp2 midzone
localization(van der Horst et al., 201,5however, it is not clear which phase of CPC transport
requires this interaction. Itis possible to envision models where INEMENBinding is necessary
for any one of the following events: CPC-tdhding, Mklp2CPC complex formation, plus end
directed transport on the early midzone, or association with midzone MT plus endsspEegh
imaging of an INCENRMT binding mutant during monopolar cytokinesis may help answer this
guestion. Our analysis of CPC behawor the midzone suggests that motor activity promotes
plus end accumulation very early in C phase, and once MERR coalesces in the center of the
cell, directed movement stops.

Our work suggests that delivery of GIRRCENP spots to the cortex occwis. Mklp2.
While actinbinding can promote cortical recruitment in the absence of motor, the enrichment of
CPC at the cortex is low compared to conttepleted cells. Additionally, cortical GHRCENP
spots are too dim to accurately image and track &fidp2 depletion. Surprisingly, Mklp2 and
the CPC diffuse together, indicating the MKBPC complex remains stably associated on the
cortex. Moreover, the diffusive behavior suggests that once MERRQ reaches the cortex,
movement no longer dependsmotor activity. In agreement with this idea, we find thatdin
disassembly causes a decrease in the diffusi@ifmeent of GFRINCENP. This result indicates
that actin filaments do not function to tether the CPC to the cortex, and are insteaedrémui
movement. One possibility is that electrostatic interactions between the CPCaatid &low
the complex to rapidly diffusive along the cortex, and when those filaments are disrupted Mklp2

CPC becomes statically attached to the membrane, peahrapgh lipid interaction§Fung et al.,
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2017) Our work suggests that MTs also contribute to MKIF2C diffusion on the cortex. This
could occur if Mklp2CPC diffuses along the lattice of MTs that run parallel to the cortex or if
MkIp2-CPC is stably bund to the plus ends of MTs that terminate there. Importantly, disassembly
of either filament does not appear to cause MIQFZC to switch filament tracks. For example,
actin disassembly does not result in directed movement along MTs, and MT disassaesbipt
cause an increase in acbased diffusion. This suggests that actin and MTs work cooperatively
to promote cortical diffusion of MKIpZPC, and this agrees with our finding that actin and MTs
are both required to promote cortical localizatiothaf CPC. In the future it will be interesting to
uncouple cortical CPC diffusion from cleavage furrow ingression in order to test whether this

dynamic CPC movement is required for cytokinesis.

Crosslinking actin and MTs at the cortex

It is exciting to consider the potential for higherder complex formation between
cytoskeletal filaments and MkIpPC at the equatorial cortex. Mklp2 has been proposed to
interact directly with myosin I{(Kitagawa et al., 2013) addition to the CP@Carmena et al.
2012) and MkIp2 bundles MTm vitro (Neef et al., 2003)We have demonstrated that INCENP
binds actin at the cortex, and others have shown that recombinant INCENP binds directly to MTs
(Noujaim et al., 2014; Samejima et al., 2015furthermore, INCENMas been proposed to
multimerize in cells during C phagean der Horst et al., 201Suggesting higheorder complex
formation is possible. Using liveell imaging we have observed that MkipCherry and GFP
INCENP move together as discrete spots orctireex and the midzone. Notably, these spots are
much larger than we would predict for single molecules, potentially supporting the hypothesis that

these proteins assemble into larger complexes in cells. Previous studies have shown that
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multimerizationincreases the affinity of INCENP for MTgan der Horst et al., 2015uggesting

weak electrostatic interactions between the MKF2C complex and cytoskeletal filaments may

be enhanced by forming multimers. As Mklp2 and the CPaahinteract withboth actin and

MTs, we hypothesi ze t ha-€CPCmayfinctiomeas a tethemthatdickens 0 o
furrow-associated astral MTs to cortical actin. This model is particularly intriguing because this

MT sub-population has been proposed to be highdplst compared to MTs at the polar cortices
(Canman et al., 2002nd physically crosinking MT plus ends to the cortex might explain this
stabilization.

It is imperative to determine whether INCENP can multimanzastro and to identify the
mechanim(s) and/or protein domains that are necessary for this process. Previous work in cells
has shown thatan-Ner mi nal fragment of | NCENP can dApig
target the division plan@an der Horst et al., 2015)Deleting this regiomf INCENP in cells is
challenging as this would disrupt interactions with Survivin and Borealin and likely affect cellular
processes that precede C ph@armena et al., 2012)it would be most useful to identify point
mutations that abolish multimer foation without disrupting the interaction between INCENP
and Survivin and Borealin. This approach is potentially more informative than generating mutants
that abolish the interaction between MkIp2 and the CPC as recruitment of these proteins to the
division plane is interdependef@runeberg et al., 2004; Kitagawa et al., 2013; van der Horst et
al., 2015) Expression of an INCENP multimerization mutant in cells would allow us to test
whether GFANCENP spots represent the formation of higbeter complegs. Moreover, by
examining astral MT stability in these cells it would be possible to determine whether multimeric

MkIp2-CPC promotes tethering of furreassociated MTs to the cortex. These studies have the
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potential to shed light on how C phase astrdlsMhat extend toward the cleavage furrow are

stabilized as well as reveal the function of astral MT stabilization during mammalian cytokinesis.
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APPENDIX

THE ROLE OF INCENP WITHIN THE CHROMOSOMAL PASSENGER COMPLEX

Fixed Cell Imaging

To visualize Mad and CREST cells were fixed-@0° C in MeOH for 10 min and stained
as previously described (see Chapter 2). Serum containiniladii was used at a 1:10 dilution
and antiCREST (Immunovision) was used at a 1:100 dilution. To visualize phdspbdb
coverslips were first rinsed in 1X PHEM buffer (60 mM PIPES, 25 mMMEPES, 10 mM EGTA,
4 mM MgSQ, pH=6.9) at 37C. Fresh lysis buffer (1X PHEM, 1% TX00, and 100 nM
microcystin) was sonicated for 5 min before use. Coverslips were incubated in lysisfidau$
min at 3?7C. Cells were then fixed in 2% PFA in 1X PHEM for 20 min &7 Coverslips were
washed with 1X PHEM and blocked with 1X PHEM + 20% BSA for 1 hour at room temperature.
Antibodies were diluted in 1X PHEN (1X PHEM + 0.1% TX100). Anti-phospeser44 (anti
phosphoHecl, a gift from Jennifer DelLuca) was used at 1:30. Imaging was performed as

previously described (see Chapter 2).

Molecular Biology

To construct the CPC triple helix complex fldhgth human Borealin (CDCAS8, NCBI
accesion: KJ894139) and Survivin (BIRC5, NCBI accession: CR541740) ORFs were synthesized
as G blocks (IDT) and cloned into pETD+letestricted witfEcoRlandHindll or NdelandKpnl,
respectively. Borealin was cloned into the first MCS of pETDuet so asdi@ adis tag for
purification. An Nterminal fragment (amino acidsSD) of INCENP was assembled with the

amplified mCherry ORF (from pmCherg1l) into pST39 restricted witicoRlandHindlll. That
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fragment was amplified using PrimeStar GXL (Takara) dadexl into pGEX6P1 restricted with

EcoRlandSall.

Full-length human MkiIp2 (Kif20a) cDNA (Thermo Scientific, Clone ID: 3604291, NCBI

accession: BC) was used to prepare all Mklp2 DNA constructs. Amplification of the ORF was

performed using Phusion polynase (New England Biolabs). The Mklp2 ORF was cloned into

pmCherryN1 restricted withXhol and BamHL MkIp2 ORF was also cloned into pEGRR

restricted withEcoRIland Kpnl. Bacculovirus construction was performed by assembling the

amplified MkIp2GFP QRF into pFASTBACL restricted wittEcoRlandHindlll. This construct

was used with the Bao-Bac expression system (Invitrogen) to create bacculovirus that expresses

full length Mklp2Hiss-GFP.

Protein Expression and Purification

Hise-INCENPPOC680MT CR\wasexpressed in BL21 DE3 RIPL cells with 0.4 mM IPTG for

16 hours at 1€ and purified as previously described fdise-INCENP%%8 (see Chapter 2).

To generate the CPC triple helix construct, @8TherryINCENP-*, Hise-Borealin, and
Survivin wee expressed in BI21 DE3 RIPL cells witldnM IPTG for 16 hours at 6. For
purification, cells pelleted and resuspendend in lysis biyiées buffer (X PBS 0.5 M NaCl,5
mM -rher c apt o-ME)h18MNE40, agdbprotease inhibitors [1 nplenylmethisufonyl

fluori de, 1 mM benzamidine, and 10 ¢ gCeid

each

were enzymatically lysed, sonicated, and clarified by centrifugation as described previously. The

clarified supernatants were mixed4d€ for 1 hourbefore a 1 hour incubation with 2 ml of GST

bind resin (Millapore). Resin was washed extensively with wash buffer (PBS, 0.5 M NaCl, 5 mM

b-ME) and protein was eluted with (50 mM 7@ pH=8.0, 300 mM KCI, 5mM Glutathione).

103



Peak fractions were desaltading a P10 column (GE Healthcare) equilibratedli mM K-
HEPES, pH=7.7, 1 mM DTT, 300 mM KCGind 10 % glycerolProtein was aliquoted, frozen in
liquid nitrogen and stored e80°C.

Hiss-GFRMkKIp2 was expressed in Sf9 cells for 72 hours. For mation, cells were
pelleted and resuspended in PBll, mMnebr c apt o-ME)NLaOr0o le M, MG CRATPg M
1 % NP40,10 % glyceroland protease inhibitarsCells were then sonicated, and clarified by
centrifugation as described previously. Clarified supernatant was incubatedNiwithITA
agarose (Qiag® for 1 hour at4°C and washed with wash buffeP (N | , 5-MENM 10 e M
MgCI>-ATP, 10 % glycergl Protein was eluted with PN, mMEDPL 0 0 & Mx-AVIRy D0l
% glyceroland 180 mM imidazolePeak fractions were combinaddsubjected tsize exclusion
chromatography on a Hiload 16/60 Superdex 200 preparatory grade column (GE Healthcare). The
bed volume for this column is 120 misnd the void volume is 56 mls.eGfiltration buffer
containedl0 mM K-HEPES, pH=7.7, 1 mM DTT, 0.1 mM MgATRB00 mM KCI,ard 10 %
glycerol. Protein concentration was measured by Bradford assay, accounting for dimerization of
MkIp2. Peak fractions were combined {19) and potein was aliquoted, frozen in liquid nitrogen

and stored ai80°C.

MT assays

For gliding assaysvith Mklp2-Hiss-GFP, flow cells were constructed with doukdack
tape and infused with pM Mklp2-Hiss-GFP at 1.9 uM for 3 minutes, 1% PluronicI27 in
BRB80 for 1 minute, and Alex&894labeled GMPCPP MTs at 1 uM tubulin in BRB80 for 3
minutes.Flow cdls were washed between each infusion with 3 volumes wash buffer (WB; BRB80

+ 1 mM MgATP + 5 Bobthedimpl infusionctieTe wene)diluted irflow cell
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buffer (FCB; BRB80 + 1 mM MgATP + 500 ¢eg/ ml

C

g ucose oxidase, 35 &g/ ml -ME}.tMA nailgyavas reedddedal gl uc

3 s intervals by timelapse microscopyages were acquired at ambient temperatures by widefield
fluorescence microscopy on an Eclipse 90i (Nikon) equipped witB0x 11.4 NA (Nikon)
objective and a Cool SnapHQ2 CCD camera (Roper). Nikon Elements was used for acquisition
and ImageJ for subsequent image processing (adjusting levels, rotating, and cropping).

For imaging single molecules, flow cells were preparedensdme way. Alex&94 and
biotin-labeled GMPCPP MTs were adhered to coverslips coated with-BiSt#nand neutravidin.
Flow cells were washed with WB, and the final mixture contained 1X BRB80, 0.5 mg/ml casein,

100 mM MgATP, 1X OS and a 1:2 dilution Bklp2-GFP from cell lysates.

MT co-sedimentationand Immunoblotting

Prior to use, HisINCENP°%80 and Hig-INCENPPP?680 MT CR \vere preclarified by
centrifugation at 90K rpm for 30 minutes &C4in a TLA-100 Ultracentrifuge (Beckman)Co-
pelleing was performed witltGFRINCENPP%%80 or GFRINCENP?%%80 at 1 pM in 100 pl
reaction buffer (10 mM HEPES, pH=7.7, 50 mM KCI, 1mM DTT) with tubulin or testabilized

MTs at 1 uM. Reactions were incubated for 15 minutes at room temperatucergnéiged at

90K rpm for 20 minutes at 22. Taxol was included to 1 uM imeaction buffer1 0 0 ¢ | of

supernatant was collected and mixed with and equivalent volume ba@xXmli buffer Pellets
wer e r esus pen daemmibuffee20 @ of edchfaction waxboiled, separated on

a 10% SDSPAGE gel, and transferred to nitrocellulose for immunoblotting. Immunoblots were

blocked with 5% w/v milk in PBS and then probed witharli s ( Si g mélowed by DM1 U
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fluorescently tagged antnhouseseconday antibodies (Invitrogen). Bound antibodies were

detected using an Odyssey fluoresceashetection systerandimages were croppagsing ImageJ.

Preparation of Mklp2-GFP from cell lysates

Cos7 cells were transfected with Mkh&FP as previously describéske Chapter 2) 24
hours before collection. To synchronize cells in C phase, cells were treated with 10 pM STLC
for 16 hours at 3C and then transferred to 10 uM STLC + 30 uM Purvalanol A for 30 min at
37°C to induce exit from mitosis. Lysates were eoled by adding 0.05% TrypsEDTA to
cells for 2 min at room temperature, and cells were then transferred to a conical tube on ice.
Cells were pelleted by centrifuging at 1500 rcf for 3 min°at After centrifugation, tryspin was
removed and cells wemeashed with 1 ml of DMEM, and pelleted again by centrifugation. After
centrifugation, DMEM was removed and cells were resuspended in lysis buffer (25 mM HEPES
pH=7.4, 115 mM KOAc, 5 mM NaOAc, 5 mM Mg£10.5 mM EGTA, 1% TX100) + 1 mM
ATP. Lysates wereentrifuged for 10 min at 140,000 rpm 8€4and supernatant was aliquoted

and store at80°C.

Co-immunoprecipitation of Mklp -Hise-GFP and triple helix

To immunoprecipitate MkhHiss-GFP, antiGFP beads were blocked with 1X P12 Buffer,
1% BSA, 0.5 mg/mtasein, for 1 hour. Beads were washed extensively with 1X P12, and 4 ug
Mklp-Hiss-GFP was incubated with the beads-enérend for 1 hour a%C. Again, beads were
washed extensively with 1XP12, and 4 ug of CPC triple helix was incubated with bound MKIp

Hiss-GFP for 1 hour a %C. Protein was eluted using high salt (3.6 M MgCI) according to
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manufacturer instructions. Protein was separated by-FSASE, and transferred to a
nitrocellulose membrane. Bound protein was detected usingn&@iterry (Invitrogepat 1:1000,
and antiSurvivin (Abcam), and specieppropriate fluorescently tagged secondary antibodies,

and anOdyssey fluorescenaietection system.

INCENP binds MTs directly

Previous studies of CPC activation have shown that ttezr@@inal half of NCENP bound
to ABK can bind MTdn vitro (Noujaim et al., 2014) We set out to investigate which regions of
INCENP were sufficient for MIbinding. To do this, we exogenously expressed a fragment of
INCENP in cells (GFARNCENP°®%89) along with fluoresaet | y  t-tabylip €ndChetly
tubulin). We observed that GRRCENPP?%¢80 co-localized with MTs in mitotic cells, and GFP
INCENPP%%80 flyorescence was diminished after a 10 min treatment with 5uM Nocodazole
(Figure A1.1 A). As INCENP aa residues 5@B0 reside in a highly charged region of a single
alpha helical domairfSamejima et al., 2015)wve predicted that INCENP M-binding occurs
through an electrostatic interactioWe generated charge reversal mutatifysine/arginineto-
glutamic acid}o erogate MT cdocalization. Chargeeversal of eight residues (K622E, K624E,
K625E, K626E, K630E, K631E) abolished the MTFlooalization of GFANCENP%%8in cells
suggesting they disrupt INCENRT binding (Figure Al.1 A, GFRNCENPP00680 MT CR "Tq
determine if INCENP bindMTs directly, we purified recombinant Hi$NCENPP?%%80 from E.
coli and performed aMT co-sedimentation assay.Free tubulin dimers mixed witlise-
INCENP??%%80 do not sdiment however, Hiss-INCENP%%8 does cesediment wth MTSs,
confirming there is a direct interactionHiss-INCENPP%680 CRMT CR “however, does not €o

sediment withMTs, indicating that theechargereversal mutationdisrupt MT-bindingin vitro
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Figure Al1.1 Characterization INCENP-MT
binding. A) Single plane micrographs of HelLa

truncations and mcCherry-tubulin (red). Cells

that MT colocalization was specific. Scale bar,
10 ¢ m. -HisandAantittubulin immunoblot

and Hisg-
INCENP™ showing a MT co-
sedimentation assay using recombinant wt or
MT CR His,-INCENP . Supernatant (S)
and pellet (P) fractions are indicated. Molecular

(Figure A1.1 B. These mutations were incorporated into-fathgth GFPINCENP to test whether

INCENP-MT binding was required to promote midzone stabilization (see Chapter 4). This

construct (GFRANCENP MT CR) was also used to investigate the role oftviding at the

centromere (see below).
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Figure A1.2 Summary of INCENP sites that mediate cytoskeletal interactions.
Amino acids 8-48: These residues interact with Survivin and Borealin through the formation of a triple
helix (Jeyaprakash et al., 2007). They are also sufficient to allow for exogenously expressed

| NCENP to fApiggybacko on endogenous | N@E teP

Horst et al., 2015).

Amino acid 59: This residue is phosphorylated by Cdk1 and de-phosphorylated by cdc14 to regulate
interactions with Mklp2 (Hummer and Mayer, 2009).

Amino acid 197: Phosphorylation of this residue by PIk3 is required for midbody localization of the CPC
(Yang et al., 2007).

Amino acids 1-405: These residues function as a dominant negative when expressed in cells and disrupt
midzone localization of the CPC (Wheatley et al., 2001a).

Amino acids 491-918: These residues bind MTs in vitro when complexed with ABK, and when bound to
MTs, can |l ead to ABK activation through a
performed using X. laevis protein (Noujaim et al., 2014).

Amino acids 500-715: These residues make up a single alpha helical (SAH) domain which binds MT in
vitro (Samejima et al., 2015).

Amino acids 503-597: These amino acids are sufficient for in vitro MT binding (Samejima et al., 2015).

Amino acids 542-747: These amino acids are necessary for midzone localization in cells. They are not,
however, required for interactions with Mklp2 (van der Horst et al., 2015).

Amino acids 563-580: Charge reversal mutations of lysine and arginine residues within this region
abolish actin and MT co-localization in cells. These mutations also disrupt actin-binding in vitro.

Amino acids 622-631: Charge reversal mutations of lysine and arginine residues within this region
abolish MT co-localization in cells. These mutations do not disrupt actin co-localization in cells.
These mutations also abolish MT binding in vitro.

Amino acids 892-906: These residues represent the highly conserved IN box where ABK binds.

Mapping INCENP

Aireduct.i

Investigations of CPC function during cell division have largely focused on ABK, as it

represents the active component of the complex. However, ABK activity is largely regulated by
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the scaffolding protein INCENP, which functions to activate-lewel kinase activity through
binding, and regulates the sabllular localization of active ABKCarmena et al., 2012)While

the structure of INCENP is not known, previous studies have identified a number of key residues
and protein domains that modulate matgions with the cytoskeleton and are involved in
regulating CPC localization. Those findings, in addition to the characterization of INCENP
described in this study are summarized in Figure A1.2. It is important to note that this is not a
comprehensivéist of INCENP regulatory sites, rather it highlights those domains which appear
to control CPGcytoskeletal interactions or CPC localization, especially during C phase.

The interactions between the SAH domain of INCENP and cytoskeletal filamentg are no
well understood. One of the major discrepancies is how actin and MT interactions are differently
regulated. Our work, along with the work of others, suggest that INCENP can interact with F
actin and MTs directly through electrostatic interacti@enejima et al., 2015; van der Horst et
al., 2015) However, mutating residues to disrupt these interactions produces varied results. For
example, we find that generating charge reversal mutations in two discrete regions of the SAH
domain abolishes elmcalization of GFRINCENPP*%8with MTs. Charge reversal mutations of
lysine and arginine residues from amino acids-58@ (10 residues) or 631 (8 residues) can
abolish MT celocalization. Other investigations report that charge reversal mutatieitherf 8
or 27 lysine/arginine residues spanning amino acids/443also lowered the affinity of INCENP
for MTs (van der Horst et al., 2015 ogether, these findings seem to indicate that INCENP MT
binding is not confined to a specific site. Instéddl-binding may require a threshold of positively
charged residues within the SAH. This is distinct from what we have found for IN@ENP
binding. Charge reversal mutations spanning amino acids6&2alid not disrupt actin eo

localization of GFANCENP®°%®8%in cells. This may indicate that aciiinding is mediated
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through a specific site within amino acids 830, rather than requiring a threshold of positively
charged residues. An important future direction will be to determine if it is possibisrupt
INCENP-actin binding with a more specific set of mutations. It is not clear how INCENP
differentiates between cytoskeletal filaments and identifying a more discrete mutation that
abolishes acthbinding, without disrupting MT binding, may hegxplain why charge reversal

perturbations of INCENP affect filament interactions differently.

The role of INCENP-MT binding during prometaphase

The localization of the CPC to centromeric DNA is essential for regulating MT
attachments at the kinetamie (Carmena et al., 2009) Previous studies have suggested that
increasing the local concentration of the CPC leatiss-activation of ABK(Wang et al., 2011)
and both the centromere and MTs are thought to functionally activate ABK through clustering
(Noujaim et al., 2014; Rosasdditcher et al., 2008) However, whether MTs function to promote
ABK activity at the centromere is unclear. MTs have been proposed to regulate the dynamics of
the centromeréocalized CPC as centromeric turnover of the @RCreases in cells treated with
nocodazoléBeardmore et al., 2004)This finding is at odds witim vitro studies suggesting MTs
promote centromere activation: if MTs promote turnover of the CPC, this should dampen ABK
activity by reducing the local coantration. To test the role of INCEN®T binding at the
centromere in cells we analyzed chromosome alignment akI Kattachment in cells over
expressing fulength wild type GFRNCENP or fullength GFPINCENP MT CR. While
misaligned chromosomes wenatively rare in cells oveexpressing GFPNCENP wt (23.7 +
4.8% of cells, data represents mean + SE, n=174 cells), of percentage of cells with unaligned

chromosomes increased to 57.5 + 4.4% in cells expressing BFHENP MT CR (n=194 cells)
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Figure A1.3 INCENP-MT binding in pro-metaphase. A) Left: Maximum Z projections of HelLa cells
expressing GFP-INCENP wt or GFP-INCENP MT CR. Cells were fixed and stained with antibodies to
tubulin (yellow), GFP (green) and Mad1 (red). DNA was counterstained with Hoescht. Scale bar, 10
em. Bottom: enlarged micrographs correspondi ng
Right: Quantification of the number of cells with unaligned chromosomes in cells expressing GFP-
INCENP wt or GFP-INCENP MT CR. Data represents mean + SE, n>300 cells, * = p<0.005. B) Left:
Maximum Z projections of cells expressing GFP-INCENP wt or GFP-INCENP MT CR. Cells were
stained with antibodies to GFP (green), Crest (yellow), and Mad1 (red). DNA was counterstained with
Hoescht. Scal e b aenlarged Micrographs c&medpdanding to the dashed box shown
above. Scale bar, 2.5 em. Continued on next p.

pHec1 Merge

E

pHec1 intensity (au)

MT CR

Ratio: MT CR/wt

112



suggestinghat INCENRMT binding is required for chromosome alignment (Figure A1.3 A). We
also observed that unaligned chromosomes were generally positive for Mad1 suggesting these cells
had errors in KMT attachment. We quantified the number of Madl punctalis ce-stained

with CREST to accurately position the kinetochore, and found thatISEENP MT CR over
expression caused -f8ld increase in the number of Mad1 puncta per cell. Cells expressing wild
type GFRINCENP had 4.2 + 4.7 Madgositive kinetochoreger cell (data represents mean + SD,
n=31 cells), while cells expressing GRRCENP MT CR had 8.7 + 7.0 Maddositive
kinetochores per cell (n=27 cells, Figure 1.3 B). This finding is consistent with phenotypes of
hyperactive ABK (Wang et al.,, 2011)swgesting that INCENMMT binding decreases
centromeric ABK activity. We next investigated whether ABK substrates were -hyper
phosphorylated in cells expressing thegiiding mutant. ABK phosphorylates the kinetochore
component Hecl to regulate MT attacmih®® the kinetochoréDelLuca et al., 2006; Zaytsev et

al., 2015) Using a phosphspecific antibody for Hecl, we found that cells expressing wild type
GFRINCENP, showed relatively low phospitecl immunoflourescence at metphase, which is
consistent withour observation that these cells had few Mpdsitive kinetochores. Ratiometric
analysis revealed that phospHecl fluorescence was increased approximateigld® (data
represents mean = SE, n=48 cells) in cells expressinglISEENP MT CR (Figure A1.X).

This result indicates that ABK activity is increased when INCEWPbinding is disrupted and

suggests that MTs reduce the centromeric ABK activity. This is consistent with the idea that MTs

Figure A1.3 Continued. Right: Quantification of the number of Madl-positive puncta/cell. Data
represents mean + SD, n =58 cells. C) Left: Maximum Z projections of HelLa cells expressing GFP-
INCENP wt or GFP-INCENP MT CR. Cells were otherwise fixed and with antibodies to GFP (green),
Crest (yellow), pHecl (red). DNA was countersta
analysis of pHec1 fluorescence intensity at the centromere is cells expressing wt GFP-INCENP or GFP-
INCENP MT CR. n=48 cells.
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increase turnover of centromeric CPC and dampen ABK actiwt decreasing the local
concentration at the centromere. In the future, it will be useful to quantify the centromeric
turnover of tagged INCENP containing Mjiinding mutations. To this end, we have generated
photoconvertible probes of INCENP fanammalian expression (MEQSCENP wt, mEOS
INCENP MT CR). One interesting idea is that iIMTs which are laterally associated with the
centromere promote lo¥evel CPC offloading during premetaphase to fineine ABK activity.

This may allow the spindle tmodulate CPC activity, thereby creating a feedback loop where

spindle MTs regulate ABK activation, and ABK regulates MT attachment to the kinetochore.

INCENP regulates Mklp2 midzone targeting

The MT-binding activity of INCENP has been proposed to promote midzone localization
of Mklp2 during C phasévan der Horst et al., 2015pisrupting MT binding does not affect direct
interactions between the CPC and Mkipp2n der Horst et al., 20153uggesting that the MT
binding activity of INCENP does more than just promote MKGR2C complex formation.
Investigations of centralspindlin ungj in vitro MT gliding assays suggest that MgcRacGAP
functions to activate Mklp1 walking on MT$ao et al., 2016)We investigated whether INCENP

could also be involved in activating Mklp2 in cells by exogenously expressing fragments-of GFP

GFRINCENP (aa) Endogenous Mklp2 MkIp2-mCherry
1-680 Midzone Midzone
1-500 Cytoplasmic Midzone (sometimes
50-680 Cytoplasmic Cytoplasmic
50-500 Cytoplasmic Cytoplasmic

Table Al.1Localization of Mklp2 in cells expressing GFPINCENP fragments
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INCENP and examining the C phase localization of endogenous or transiently expressed Mklp2.
The results of this analysis are summarized in Table A1.1. Briefly, we observed that bothethe trip
helix-forming domain of INCENP (aa-30) and the Mbinding region of the SAH (aa 5@30)

were required to promote midzone localization of Mklp2. This led us to hypothesize that Mkip2
binds the CPC through the triple helix, and INCEMF binding may srve to increas
processivity of Mklp2 on MTs.

We next investigated the single molecule properties of MIApPP expressed in Cos7 cells.
Lysates were collected from interphase or C phase (monopolar cytokineti¢Hcedisal., 2008)
overexpressing Mp2-GFP and lysate was introduced into flows cell containing bound GMPCPP
stabilized MTs. We observed that MkhFP was motile and moved at a constant velocity
towards the MT end. MKIpBFP from interphase lysates walked with a velocity of 6.3 £ 0.4
pm/min (data represents mean £ SE, n=121 tracks) and MBFR from C phase lysates moved
with a similar speed (8.2 + 0.6 um/min, n=96 tracks). We were encouraged that these velocities
were in the range measured for CPC streaming on the early midzone aaphgse onset. Single
molecules of Mklp2GFP had a dwell time of 11.1 + 0.9 sec (interphase lysate, n=121 tracks) and
8.6 + 0.6 (C phase lysate, n=96 tracks) demonstrating that N&#2 is only briefly associated
with the MT lattice. In agreement withis, single molecules had a relatively short run length at
1.2 + 0.1 pm for MkIp2GFP from interphase lysates (n=121 tracks) and D1 pum for Mklp2
GFP from C phase extracts. These results show that regardless of cell cycle stateGFkIp2
from celllysates walks processively along stabilized MTs. However, the motor generally does not
remain associated with the lattice for long and as such is usually unable to travel far enough to
reach the MT end. These findings created a foundation for us tcstartteand probe the dynamic

properties of Mklp2n vitro.
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Figure Al1.4 Single molecule analysis of GFP-
] INCENP from cell lysates. A) Sample
— kymograph of GFP-INCENP walking on a
stabilized MT (not shown). Right side of
kymographs represents MT plus end. Scale bars
15 s (y axis) and 2 pm (x axis). B) Histograms of
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GFP single molecules from interphase (black) or
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Using the cell lysate system we could not confirm whether processive NB&EB2
molecules were associated with the CPC. To investigate whether CPC binding affects the behavior
of the motor, welecided to use recombinant protein. MklBs-GFP was expressed and purified

from insect cells in order to examine motor properties with and without the CPC (Figure A1.5 A).
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Figure A1.5 Purification and characterization of Mklp2-Hiss-GFP and CPC triple helix. A) Left:
Elution profile of MkIp2-Hise-GFP over an S200 gel filtration column. Peak fractions (17-19) were
combined and frozen. Right: Coomassie-stained gel of MkIp2-Hise-GFP. Molecular weight standards
are indicated in kDa. B) Left: Coomassie-stained gel of 5 pug or 10 ug of CPC triple helix. Right: Western
Blot of CPC triple helix probed for survivin. Molecular weight standards are indicated in kDa. C)
Quantification of MT gliding velocities for MkIp2-Hise-GFP with and without CPC triple helix. Data
represents mean + SE, n=48 events. D) Co-immunoprecipitation of Mklp2-Hiss-GFP with CPC triple
helix. Left blots probed with anti-mCherry to detect GST-mCherry-INCENP. Right blots probed with anti-
Survivin. Molecular weight standards are indicated in kDa.

It is important to mention that Mklp2 does not tolerate the addition of sjcaos therefore, we
supplemented glycerol as a crgreservant. We first characterized the motility of Mklpi3s-
GFP usingn vitro MT gliding assays. MklpHiss-GFP glides MTs at a rate of 1.1 £ 0.2 um/min

(data represents mean + SE, n=27 evemitsgh is slower than the velocity of Mklp@FP single
117



molecules in cell lysates (Figure A1.5 C). To test whether the CPC influences the activity of
MkKlIp2, similar to centralspindliTao et al., 2016we also recombinantly expressed and purified
the compnents of the CPC triple helix (GSTCherryINCENP"°, Hiss-Borealin, and Survivin).
The addition of triple helix to MT gliding assays did not significantly change the velocity of Mklp2
(1.1 £ 0.3 pum/min, n=21 events, Figure A1.5 C). We also attenpeathlyze the single molecule
behavior of Mklp2Hiss-GFP in vitro, however, we found the motor to be highly sahd pH
sensitive, and were unable to replicate procesaweement of the motorAgain, the addition of
the CPC triple helix did naffect thebehavior of thenotorin single molecule experiments

Our observation that the addition of triple helix did not affect the behavoir of Mklp2 led us
to question whetherecombinant triple helix wakrming a complexwith Mkp2 in vitro. To
investigde whether our CPC construct could bind MkigBes-GFP we performedco-
immunoprecipitation xperiments. Using anrteFP beads we sucessfully pulled doikIp2-
Hiss-GFP, however, we were unable to-comunoprecipitate GSmCherryINCENP or Survivin
(FigureAl1.5 D). This result suggests that the CPC triple helix complex and Mklp2 do not stably
assoicaten vitro. One possible explanation is that our INCENP fragment is too short to promote
complex formation. As INCENP contains a phospbgulatory site (Th69) at its Nterminus
that modulates MkIp2 association in cells, it is reasonalbe to think a longer fragment of INCENP
would be more likely to bind MkIp2. Alternatively, the placement of the protein tags may interfere

with Mklp2 binding, and we could tethis by switching tag position.

CPC off-loading at the metaphasdo-anaphase transition
In cells depleted of MkIp2, the CPC remains associated with the chromosomes throughout

mitotic exit (Gruneberg et al., 2004). This observation led us to hypathtbsizoffloading from
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the centeromere may require MTs. In support of this idea, we observed thatdékle2ed cells

do not exhibit the c¢ hdNCBNPtinearlyG ghase thafiveetolssena&e mi n g o
unperturbed cells using live imagin To examine the role of MTs during CPC-lwfading we

utilized monopolar cytokinesis as a model system (Hu et al.,, 2008). Cells were arrested as
monopoles using the Eg5 inhibitor 10 uM STLC, and then exposed to DMSO or 5 uM nocadazole

for 10 min to deplymerize MTs. Cells were then forced to exit mitosis using the Cdk1 inhibitor

30 uM purvalanol A (Hu et al., 2008) and fixed and stained to analyze the localization of the CPC
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(antiboides to INCENP and ABK). As expected, 95% of cells (n=105) arrestedSWLC

showed prominenent CPC localization at the centromere. In control cells treated with DMSO
before mitotic exit, the CPC was targeted to midzone MT plus ends and the polarized furrow and
only 27% of cells (n=101, Figure A1.6 A and B) showed centrefloealized CPC. Nocodazole
treatment before mitotic exit did not affect Ceéntromere localization, 100% of cells counted
showed CPC immunoflourescence at the centromere (n=100 cells). When cells were forced to exit
mitosis after nocodazole, the joaty of CPC was cytoplasmic (Figure A1.6 B). Only a fraction

of cells had any centromeric CPC (2%, n=101 cells) suggesting that MTs are not required to
promote CPC offoading as cells transition to C phase. Given the finding that Mklp2 depletion
abolidhes offloading, it is possible that Mklp@ependent offoading does not depend on MTs. If
MklIp2 does function to pull the CPC from the centromere at the metaphase to anapahse transition,
we would predict Mklpdepleted cells treated with nocodazole, ldoshow centromeric CPC
localization during C phase. Furthermore, it would be usefult to identify mutations in INCENP or
MklIp2 that abolish interactions vitro, and test whether these mutants can promote centromeric

off-loading of the CPC.
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