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Abstract
A study on the role gbolarity, Rho family GTPaseand cell fatan cytokinesis
Yelena Zhuravlev

Cytokinesisis the physical partition of one cell into twim Chapter 1, Iprovide abrief
introduction to cytokinesis angbme of theproteins whose functions | pasut throughout my
studies. IChapter 2, I present work | 6ve contribute
cytokinesisas well as a lok at the differential requirement foanonicallyessential cytokinetic
proteins in the <«ell embryo.In Chapter 3, | address longstandingcontroversyin the field
regarding the relationship betwettre Rac GAP protei@yk-4 andthe small GTPasRag and in
particular the inhibitory role oRacduring cell division. Mymajor body of work highlights the
necessitynot to close the booksn the GAP activity of Cyk-4 andits inhibition of Rac | show
thatRacis unable to rescue cytokinesis failure in deweam Rho effectors whose loss weakens
the contractile ring, suggestingistnot a promiscuous suppressor of cytokine&dditionally, |
found that levels onorrmuscle myosinll and the actin binding domain of ttbphin were
unchanged with loss of Cyk From this | infer that Cyk-4 is unlikely to bean activator othe
RhoGEFEct-2. Theseresultsemphasizehe need to prob&rtherinto the crosgalk between
these GTPasedn chapter 4, | Isow inconclusivedataaddressing the role @kll fatesignalng
in protecton against cytokinesis failuréverall, tis thesis representsiy contributionsto the

field, reveaing the complexity involved in assurirsgiccessful completion afytokinesis.
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Introduction
Basicsprinciplesof cytokiness
Definition and basic mechanism of cytokinesis in animal cells

All multicellular organismsoriginatefrom the divisionof a singlecell. Cytokinesis is
the procesdy which one cellphysically dividesinto two. To accomplishthis, the mitotic
apparatusnust communicatewith the cortex of the cell asthe membranangressesAs the
chromosomesindergomitosis the cell mustgo throughcortical remodeing and cell shape
changs to partition itself to ensure each daughter cell is distributed a full genomic
complementThis is accomplishechtough the constriction of aactomyosin contractile ring,
which is positionedy signals from the mitotic spindi@alasubramanian et al., 2004; Barr
and Gruneberg 2007; Green et al., 2012; Murthy, 2005; Stark e204l0) As the cell
undergoes cytokinesis, tishape of the invaginatirgasma membrane generallyreferred to
either as the cleavaderrow or the cytokinetic furrowMhile differentanimalcellsmayvary
in some cytokinetic processesthe specificationof the division plane the formation of the
mitotic spindle constrictionof the contractilering, and abscissiorof the intercellularbridge

areall essentiaktepsof normalcell division.

Assemblyand constrictionof the metazoaractomyaosirring

In animal cells, cytokinesiccurs via the constriction of an actomyosin ring
(Balasubramanian etl., 2004; Barr and Gruneberg 2007; Green et al., 2012; Murthy, 2005;
Stark et al., 2010 At the division plane, on-musclemyosinIl motorsassociatevith f-actin
filamentsto drive contractile ring constrictiofMabuchiandOkunqg 1977;Guha etal., 2005;

Murthy andWadsworth 2005).How exactly myosidl and factinfilamentsfunction taether



to accomplish this is still a matter of debakany studies suggesyosinll slides along
actin filamentsthereby constricting the ring (referred to as aspstring mechanism)but
structural organization of myosih and actin within thecontractile ringhas yet toclearly
demonstrate thiHenson et al. 203 Maupin and Pollard 1986; Sanger and Sanger, 1980;
Schroeér1972)

Once the contractile ring is formed it remains a dynamic structbee,volume
decreases as it ingresses and the ringagressively disassemblearvalho et al., 2009;
Davies et al., 2015; Pelhamda€hang, 2002; Schroeder, 197R) mammalian cells, actin
filament are also dynamic anequireconstantturnover(Murthy, 2005) Cells treatedvith
jasplakinolide,a drug that stabilizes actinare unable to complete cytokines@ recover
fluorescenceafter photobleachingViurthy, 2005) In addition,cells treated with a myosih
inhibitor, blebbistatin,accumulateless GFP:ein at the divisionplane and cytokinesis
blocked demonstrating that myosiih also plays a role in actin turnovéMurthy, 2005;
Straight et al., 2005)n contrastFRAP experiments revealed myosinevels do not exhibit
muchturnoveras recovery after bleaching was slow and the bleached region decreased with
ring constriction(Carvalho et al., 2009)n animal cellsthe contractile ringonstricts in two
phasesfirst at a constant rate forraajority of the constriction procesthen,in the second
phase the rate of constriction is progressively slo{@drvalho et al., 2009; Mabuchi, 1994;
Zumdieck et al., 2007While actin and noimuscle myosifll exhibit different turnover rates,

both interact together to pstrict the ring.

The mitotic apparatus and cytokinesis



The mitotic apparatus controls the assembly and constriction of the contractile ring at
the division planelt is composed of several organelles: spindle microtubules, associated
organelleschromo®mes,and centrosomegchromatin). Removalof the mitotic apparatus
via aspirationcompletelyblocked cytokinesisf it was done prior to anaphasédut had no
effectif performediater (Hiramoto, 1956; Rappaport, 198Figure 1). This implies that the
signal passedrom the mitotic apparatudo the cortex to initiate furrow formation is time
sensitive

The timing of contractile ring constriction is related to the distance from the mitotic
apparatus to the cell cortex. Experimentalisggng to elucidatethe connectionbetweenthe
mitotic spindle and cortex have classicallylooked at geometricrelationshipsbetweenthe
spindle and theell surfaceln the interest of investigating if theitotic spindle was sufficient
to induce furrowing, experimenters manipulated dellsicrease the interaction thfe mitotic
spindle with the cortex and decrease the interaction of the surface with thelpdlesse
experiments, furrows still formed when the cortex was in contact with the spindle even as
contact with the asters was reduced, suggesting the mipatidle wassufficient to induce

furrowing (Kawamura, 1977; Rappaport and Rappaport, 1974; Ris, 1949)



Metaphase Post-Anaphase

v v

No Cytokinesis Cytokinesis!!!

Figure 1: Prior to anaphase the celtortex responds to signals from the mitotic
apparatus

The cell cortex is responsive to signals fromrhitotic apparatust certain stages of the cell
cycle Removalprior to anaphase results in no cytokinesis or furrowing while renadtexd
anaphase does not affect furrowing or cytokinesis coioplet



However, this does not take away from the contributiootbér components of the
mitotic apparatus, particularly thasters in furrow formation. Researchers found that
squishing cells to shortethe distance between the mitotic apparatush that spindle poles
were ~56% closer to the cell surface compared to controls, resulted in earlier onseivof f
formation by ~four mirvs controlsafter anaphase ong&huster and Burgess, 2002)

Signalsfrom the mitotic spindle microtubules also regulate overall cortical stiffness
During mitosis, cells round up to prepare for cytokinetdially, researchshowedthat
stiffnessof the cortexchangedwith progressiorof cytokinesis with stiffnessincreasing10
minutesbefore cleavageand decreasinghereafter(Hiramoto, 1970) While initially, these
stiffness fluctuations were assumed to be a potential readout of the surface respmnding
spindle microtubules, with high stiffness representing the time at which the surface is most
responsivelittle connection between the two has been fourftese cycles of stiffness and
relaxation are microtubuimdependent, persisting even after enougbatment with
colchicine to depolymerize microtubul@ell, 1962; Swann and Mitchison, 195B)K1 cells
treated with nocodazole tdepolymerize microtubules also displayed cortical contractility
after anaphase onsstiggesting microtubules are not essential for changes to the cell shape or
rigidity (Canman et al., 2000Furthermore,Xenopustreatedwith taxol or vinblastingto
inhibit micratubule dynamicsdid not disturb cytoskeletal changes that occur as the cells
undergo convergent extension (a coordinated cell movement by which the cell elongates via
intercalation Kwan and Kirschner, 2005)

To study the effect of the mitotic spindle on the surface, sand dollar egg cells were
bound such that the mitotic spindlas restricted to only halhstead of the entire surface.

This caused a differential internal pressure between the two sidegsamcbnsequence a



change ircytoplasmidlow as the mitotic spindle moved from one part of the cell to the other.
Upon removal of the mitotic spindle, but continuedconstrictionof the cell, no flow was
observed suggestingthe mitotic spindle was responsiblefor increasedtensionat the cell
surface (Rappaport, 1988)These experiments indicate a signal passing from the mitotic
spindleto the cortex.

Mitotic spindle microtubuleareessentiato inducefurrow formationandcytokinesis
When gindle microtubulesare depolymerized during metaphaseor early anaphase
cytokinesis is blocked and no furrow forrfi$amaguchi, 1975; Swann and Mitchison, 1953)
However, microtubule depolymerization after anaphase omidtnot block cytoknesis
suggestinghe functionalperiod required for microtubulebke the mitotic apparatuss prior
to anaphase(Hamaguchi, 1975; Swann and Mitchison, 1958Yhen the spindle in
echinoderm eggwasrepositioned with a glass needilee contractile ringregessedrom its
former positionanda new contractile ring formedt the new site of the spindle, suggesting
the spindle had a function in specifying the division pléR@ppaport, 1985)r'he samewas
foundto be truein grasshoppespermatocytegKawamura, 1960)in additional experiments,
researchers found furrowing could occur along the entire cortex depending on the position of
the mitotic spindlesuggestinghe entire cortexis receptiveto furrowing (Rappaport, 1975;
Rappaport, 1985)Thus mitotic spindle miootubulesare responsible for positioning the
division plane.

Centrosomes, the main microtubule organizing centers in animal cells, have also been
tested for their role in cell divisior{Oliferenko et al.,2009) In experimentswhere
centrosomimull mutants which areunableto assembldully functionalmitotic centrosomes

were still able to undergothe necessaryivisions to developinto adulthood(Megraw TL,



2001) Whencentrosomesverelaserablatedn mammaliarculturedcells, it did not affectthe
assemblyof spindlesor the processof cell division (Khodjakov, 2000)Further, fruitflies are
ableto undergomostof their developmentvithout centrosomesthoughspindleassemblyis
delayed(Basto et al., 2006)This suggests centrosomes are not essential for cytokinesis
although they likely play a role stral microtubule regulation

Centrosome separation is, however, important for cytokinegiien seaurchin egg
cells were flattened,furrow formation rarely occurredwhen the inter-centrosomalistance
exceeded35 um (Rappaport, 1969)In anotherexperimentwhere the centrosomesvere
movedfar enoughapart(137 um in sanddollar eggg thatthey no longerfurrowed butthen
were pushedcloser together(until they are 50 um apar), they were again able to form
furrows In anucleate cellzentrosome pairgand associated astral microtubulesre able
to compensate for the loss of a spindle if they were far enough syzdrtthat the distance
between the centrosomes exceeded the distance from the $Géacge von Dassow, 2009)
If they were around the same distance apart, only shallow furrows were observed and no
furrow developd at all if centrosomes were closier each othethan the distance to the
surface(George von Dassow, 2009)aken togethetthe separation of centrosomes seems to
be important fomormal cytokinesis, although morapr cells are also able to divide, thus
centrosome separation is not always required (see more l€lamnan et al., 2003)

Chromosomes (and associated DNAgve beenlong proposedto be involved in
controlling the temporaland spatialregulationof cytokinesisby coordinatingthe timing of
anaphas®nsetand dictating the position of the division plane Sand dollar eggs perforated
such that in some cells the chromatin and asters were on the same side developed normal

furrows, while cells that had only asters with no chromatin (anucleate) formed transient



furrows that never fully developefRappaport, 1991)However, successof mitosis (and
segregatiorof duplicatedchromosomesis not always coupledwith cytokinesiscompletion
(Castagnetti et gl.2010; Wheatley et al., 1997n a series ofelegantexperimentsusing
grasshoppespermatocytesshromosomes removed aftire formation of a spindledid not
interrupt progressionof fianaphase or cytokinesis This lends supportto the control of

cytokinesisbeingintrinsic to the spindleandthe cell (Zhang, 1996)

Division plane specification/spindle signaling
Stimulatory roles of the mitotic apparatus and responses of the cortex paraten for
furrowing

Rappaportlescribed thatability of the mitotic spindlesii n a sense il | usc
most of the microtubules that are the principle organizing elements of the spindle fibers and
aster rays are dynamically unstable; they rebelsiy e x t e n d (Rappadort, 1®/1)r act 0
Microtubulesarehighly dynamicstructureswith 3-tubulin plusendsandalphatubulin minus
ends which cycle between growing (polymerizationn and shrinking (depolymerizatioh
phasegDesai et al., 1997 he switchfrom a growing microtubuleto arapidly shrinkingone
is termedcatastrophéMitchison and Kirschner, 1984; Wollman et al., 2009)crotubules
also undergorescueevents when they switch from a shrinkingto growth phaseA mature
pre-anaphasemitotic spindle is made up of 3 different sets of microtubules intempolar
microtubules kinetochoremicrotubules and astral microtubules(Carman et al., 2003; Foe
and von Dassow, 2008; Mastronarde et al., 1998)on anaphase onsethe sjndle

undergoes modification with kinetochore fibers shortening, astral microtubules lengthening



and translocation of central spindle assembly proteins fhencytoplasm to the center of the

cell to initiate bundling of antiparallel plus enahicrotubuleqGlotzer, 2009)Figure2).



Post-Anaphase Spindle
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Figure 2: Componentsof a PostAnaphase Spindle

Schematic of the posthaphase spindle depicting chromosomes in blue, centrosomes in
brown, astral microtubulesadiating out to the cortexy orange, central spindle microtubules
in green and kinetochore microtubules in purple
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Polar relaxation vs equatorial stimulation

There are two longtanding hypotheses that have been proposed to explain how the
mitotic spindle communicates with the cortex to positiondivesion plane The first of these
models is known as aatfpolar relaxation, which asserts that tensionof the cortex is
increased globallyasters signal the polde relax. This createsa heightened tension at the
equator which then allows for contraction in that regidrhite and Borisy, 1983; Wolpert,
1960) Modeling hasshown that an elevated concentration of microtubatethe poles could
produce the highest surface tension at the equator in the region of the divisioVyiatee
and Borisy, 1983; Yoshigaki, 1999n the other handnithe equatorial stimulation model,
it is proposedhatthe astral centers signal position the division planéDevore et al., 1989;
Rappaport, 1986)Experiments in support of this idea were performed by Rappaport who
pressed a glass sphere into the center of sand dollar eggs to produce-shdpedtcell. In
the second division, he saw formation of a horseshaped celbetweerthe spindles. As the
cell contorted, asters moved in closer proximity to one another and an addition&lrtiovg
which went onto completiorgppeared between titeo astergFigure 3). The formation 6
this furrow occurred betwedhe two asters in the absenceaoly chromosomes or a spindle,
suggesting these are not necessary for furrow forméRappaport, 1961)Based on this,
Rappaportstatedthat astral centers are able to trigger cortical contractiigyead of just

sending inhibitory signals as proposed in the polar relaxatiodel
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Figure 3: Torus Experiment: Formation of a non-spindle furrow

Schematic of the Torus experiment wher)&5and dollar egg was manipulated by insertion
of aB) glass beaddepicted as the white circl® constrit the cell into a horseshoe shape. As
the cellcontorts with each division Ghe asters move together until a furrow forms, though
no spindleand chromosomis present, anthe cellcompletes cytokinesis.
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Observations made by manipulating graggber spermatocytdss led to the proposal
of another hypothesis for division plane specificatimrdzonemicrotubulestimulation.This
hypothesisposits that the signals to position the cytokinetgparatusemanate from the
subset of microtubules th&rm the mitotic spindle Tissue culture cells presented with a
barrier to block potential signaling between thntotic spindleand cortex result in no
furrowing prior to anaphase, further supporting that a stimulus frormitatic spindleis an
elicitor of contractility (Cao and Wang, 1996)When grasshopper spermatocytes were
manipulated such that some cells contained only ast@msg amitotic spindlewith no asters
and chromosomesnd some with only asters and anitotic spindle experimenters saw a
furrow form wherevermitotic spindle microtubules were present. Based on this, the
investigators concluded thaticrotubules at themitotic spindlewere sufficient to induce
furrowing (Alsop and Zhang, 2003)

Experimeners analyzing monopolar spindles in PtK1 celiemewhatbridged the
above hypothesg as resultsuggested that two populations of microtubules contribute to the
position of thedivision planeand that spindle bipolarity is dispensable for cytokinesis
(Canman et al., 2000While there were manylynamic microtubulesa subpopulation of
stable microtubules that extended past the chromosomes prior to connecting to the cell cortex
were found in both bipolarand monopolarspindles(Canman et al., 2003)Cytokinesis
completed een in cells that had no microtubule overl@anman et al., 2003This led the
researbers to conclude that both equatorial stimulation and astral relaxation forces play a role
in positioning thedivision plane While a subset of microtubules are stabilized by
chromosomes and are able to initiate furrowing, the more dynamic microtubutesdfdry

asters away from chromosomes block furrowing at the polar areas of tffeégaie4).
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Polar Equatorial
Relaxation Stimulation
C

Polar Relaxation
and Equatorial Stimulation

Figure 4: Relationship between the spindle andortex

Schematics dacting A) polar relxation model where asters relax tensions at the polar
regions to heightewontractility at the equatd8) equatorial stimulation modekhere astral
centers lead to increased contractility @@jar relaxation and equatoriafiraulation where

two concurrentsignals position the division plane. One, via a subset of sable microtubules
that initiate furrowing and the other via dynamic microtubules formed by asters to inhibit
furrowing away from the center.
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In C. elegansa combination of equatorial (midae) stimulation and polar (astral)
relaxation have been postulated to contribute to cytokind&searchersisedan ultraviolet
laserto ablate the mitotic spindle and separated one of the akimmg themidzone closer
to one centrosome than the etijBringmann and Hyman, 2005Jhey founda cytokinetic
furrow initiated between the asters but soon afteisecond furrownitiated atthe midzone
(Bringmann and Hyman, 20033oth furrows met to complete cytokinesis, further bolstering
that themidzone and asters share redundamtd consecutivefunctions in specifying the
contractile ring(Bringmann and Hyman, 2005However, importantly, it was not tested if

ablationof the asters led to a failure to form the putative astral furrow.

De novo central spindle microtubudssembly versus pexisting microtubules

For some time, it was unclear how the central spindle microtubules were fermed
whether thg were generatede novoor established from prexisting microtubules derived
from the preanaphase mitotic spindle; microtubuledepolymerization and regrowth assays,
investigatorobservedde novamicrotubule nucleation in the region contributing to the central
spindle suggestingthat despite emerging from the mitotic spindle, the central spindle is
organized by distinct factors and is largely assemb&dovo(Uehara and Goshima, 2010)
In cells where microtubules were disassembled during prophase and prometaphase via
microinjection of antMad2 (to bypass the spindle ckpoint) andtreated withnocodazole,
cortical contractility was still observed. Astibulin staining revealed aentral spindle
complex in those cells that underwent cell division. This suggestscdmdtal spindle
microtubules can form independentlyapreanaphase mitotic spindle and/or an astral array

(Canman et al., 2000)
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In C. elegansthe kinetochore has been shown to play an important role in promoting
de novomicrotubule assembly via CES (part of the CLASP family) between separating
sister chromatidéGilliane Maton, 2015)Embryos with reduced levels of CiZSresulted in a
loss of GFPsignals fran proteins that localizéo the central spindle. No herapindle was
present and the absence of a central spindle was apparent right after anaphase onset. In HeLa
cells a kinetochore model has not yet been tested dendovomicrotubule nucleations
partally assembledby the Augmin complex (not currently found in yeast or worms) to
assemble the central spind({®@ehara and Goshima, 201(jence, insome organisms

kinetochores contribute to microtubule assembly.

Localization of cytokinesigessential proteins to the central spindle

The centralspindleis an arti-parallel bundledmicrotubulearray which forms at the
division plane betweenthe separatingchromosomesin anaphase Centralspindlinis a
tetramericcomplexmadeup of the kinesir6 MKLP 1 andMgcRacGAP (ZEN4 andCYK-4
in worms) (Mishima, 2002; PaviciKaltenbrunner et al., 2007)t localizesto the central
spindlewhere itbundles antiparallelmicrotubulesandrecruitscentralspindleand abscission
regulators(Davies etal., 2015; Green et al., 2012); White and Glotzer (20MKLP1 and
CYK-4 are co-dependentfor their localization (JantsckPlunger et al., 2000; Pavieic
Kaltenbrunner et al., 200TFigure5).

The kinesin6 mitotic kinesirtlike protein 1 (MKLP1) hasa motor domainat the N-
terminal a long linker region a parallel coiled-coil and a C-terminal globular tail domain
mammaliancells depletedof MKLP1 fail in cytokinesis(Zhu et al., 2005)Disruption of the

Drosophila MKLP1 ortholog Pavarottiand C. elegansortholog ZEN-4 also result in
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cytokinesis failurefurther supportingits conservedole in cytokinesis(Adams et al., 1998;
Powers et al., 1998; Raiat al., 1998) Pavarotti mutantsare unableto initiate contractile
ring assemblywhile zer4 mutants have a mid-constriction defe¢t no central spindle
formation and mislocalization of actin and anillin (a scaffolding protein) and other
contractilering componentsn the zygote but neverform a stablemidbody and ultimately
regressandfail to divide (Powers et al., 1998)Thus MKLP1/ZEN-4 is an essential protein
for central spindle integrity and cytokinesis completion.

The second component of centralspindlinC¥K-4. It was initially discoveredin
humancells asa GTPaseactivating protein (GAP) with high activity towardRac(a GTPase
of the Rho family discussed in more detail lai@ndso was namedlgcRacGAP(Toure et
al., 1998) Lossof CYK-4 resultsin anidenticalphenotypeaslossof ZEN-4 (JantschHPlunger
et al., 2000)It containsa shortN-terminaldomain a coiled-coil C1 domainanda C-terminal
GAP domain (Mishima et al., 2002)CYK-4 associateso a globular domain at the neck
region of MKLP1 and causesa conformationalchangeof two motor domainsso they are
moreableto bundleantiparallelmicrotubulegDavies et al., 2015)he C1 domainof CYK-4
is alsoimportantfor propercell division as it contributes to the membrane localizatadn
centralspindlin(Lekomtsev et al., 2012)The function of the GAP domain of C¥K is
somewhat controversial and is the subject of ChaptdihBs, CYK4 is a well conserved

RacGAP protein that is essential foytokinesis.
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Figure 5: Key central spindle proteins

Simplified schematic of a cell undergoing anaphase depicting distinct zones of Rho GTPases.
Activated Rho localizes to the division plane. Rac is shown to be enriched at the polar
domains (though this has only been experimentallgfesi in mammalian cells). CBE is

shown enriched in thenterior polar region. A zoom in of the central spindle revbaiding

of centralspindlin, composed of ZE&N and CYk4, which go on to bundle microtubules
along with SPBEL.
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In addition to elying on the microtubule motor MKLP1/ZEH integrity of the
central spindle is also dependent on PRC1/MPIPRA, short for protein regulator of
cytokinesisl, is a mitotic-spindleassociategrotein that forms homodimersto captureand
bundleantipardlel microtubulesandis requiredto assemblehe centralspindle(Jiang et al.,
1998; Subramanian et al., 201When phosphorylatedit is keptin its monomeric inactive
stateby Cdkl, a cell division cycle prein (Zhu et al., 2006)Upon entry into anaphasé is
dephosphorylatednd ableto interactwith Kif4, which isresponsibldor transportng PRCL
to mitotic spindles (Kurasawa et al., 2004; Subramanian et al., 2010; Zhu C, 2005)
Knockdown of KLR19, which shares 41% identity with K& in C. elegansdid not result in
cytokinesis failurg though itwas important for correcting merotelic attachmejffswers et
al.,, 2004) PRCL was first shown to be important for cytokinesis when HelLa cells
microinjectedwith a function-blocking antibody failed to divide, resuting in binucleation
(Jiang et al., 1998)The absenceof PRCL resultsin no centralspindleformation (Cristiana
Mollinari, 2002; Kurasawa et al., 2004)

In mammalian cé$, PRC1 and CYK4 have been shown to directly interaas PRC1
binds with CYK-4, implicating a role for PRC1 ibundlingmicrotubules(Ban et al., 2004)
AlthoughP R C lfuncionis essentiafor cytokinesissuccessn mammaliancells, disruption
of the homolog, spindle defective 1 §pd1) in C. elegansdoesnot affect the 15 embryonic
division andthe cell completescytokinesis In worms,spd1 relocalizes fronthe nucleus to
the central spindle at anaphabéerbrugghe and White, 2004)n a spdl temperature
sensitive mutant, the spindlescillated irregularly with the spindle poles moving
independently and chromosomes appe(Rarunietg t o 0

al., 2008) The speed with which spindles elongatespdl and zen4 mutants suggests
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cortical pulling forces are acting more aggressively on astral microtubules whereas normally
the central spindle would resist the forces and slow segreg@itimne Maton, 2015)In

spd1l mutants where the mitotic spindle was separated from one of the asters using a UV
laser, mly the equatorialfurrow was affected(Bringmann and Hyman, 2005tven though

the central spindle was disrupted, embryos were still able to undergo cytokinesis but showed
chromosomal segregationefécts (Verbrugghe and White)Furrow initiation was not
disturbed inspd1l mutants, and if anything occurred significantly earlier than in control
embryos suggestingpindle length/spindle elongation is not correlated with furrow initiation
(Verbrugghe and White, 2007; Verbrugghe, 206#®nce, although there is no central spindle

in spd1l mutants, its requirement for cytokinesis appears cowtepéndent (necessary in

mammalian cells but n&@. elegangmiryos).

Cytokinesis and the cell cyelhen does cytokinesis occur?
Cytokinesiscompletionrequirescoordinationof importantsignalingnetworksandkey
proteinkinasesinvolved in the cell cyclesuchascyclin dependenkinases(Cdks) Polo-like
kinasegPlks), and AuroraB to activate central spindle proteir{§&use et al., 2005)Cyclin-
dependenkinasel (Cdkl) andCyclin B are inhibitedas the cell exits from mitosis to enable
progression into cytokinesi€DK1 regulatesMKLP 1 by phosphorylatingts motor domain
andtherebyinhibiting microtubulebinding to the spindleat the wrong stageof the cell cycle
(Mishima et al., 2002; Mishima et al., 2004; Nishimura and Yonemura, 200@atment of
cells with a CDKinhibitor, BMI-1026, results in cytokinesis initiation before chromosome
separation(Fumihiko Niiya, 2005) Likewise, Drosophila cyclin B mutant cells undergo

precocious cytokinetic furrowing at an earlier stage in mitosis compared to wildcef[se
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(Echard and O'Farrell, 2003}. eleganhave multiple Btype cyclins that have overlapping
functions, and to produce a similar phenotype as CDK1 inhibition, a combinatmyb-tf

cyk3 (a B3subfamily member), andyb-2.1, cyb2.2 knockdown is neceasiry(Monique van

der Voet, 2009)An important feature of CDKs in eukargstinvolved in the cell cycle are
Thr/Tyr residues that are sites for inhibitory phosphorylation. Althoudh ieleganghere is

not much literature about phosphorylation of these sites. It is clear there are many layers to
the regulation of CDKs to comi their functions through the cell cycle including destruction

of cyclins and/or proteins associated with cyclins and activating dephosphorlyation cascades
of the CDKs.

While CDK1 is a negative regulator, Plkl and Aurora B are promoters of cytokinesis.
PIkl is suggested to be an important regulator of Cyclin B and Cdk1 activity. Ifilgas
found in Drosophilg whereloss of Plkl resultedin abnormalmitosis with cells unable to
form a bipolar spindle anchusectell-cycle arres{Sunkel and Glover, 1988)n mammalian
cells, PIk1 overexpressiorcausesmultinucleation (Neef et al., 2003) In worms, partial
knockdown of PLK1 results in misaligned chromosomes at the nietsg plate and failure of
nuclear envelope breakdown, however cytokinesis still occurs norrtitthammad M.
Rahman, 2015)

Aurora B is also a positive regulator of the cell cycle. Its phosphorylation of
microtubule depolymerase mitoticentromereassociatedkinesin (MCAK) relocalizesthis
kinesin (klp-17 in worms) to kinetochores to ensure appropriate kinetochore attachments to
the spindle(Andrews et al., 2004; Lan et al., 200&EyenthoughAurora B localizesto the
centralspindleduring anaphas@nset upshiftsof an Aurora B temperaturesensitivemutant

found it actually functions much earlier in the cell cycle,at aroundthe time ofnuclear
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envelopebreakdown and early prometaphasesupportthe fidelity of cytokinesis(Davies et

al., 2014) InC. elegansair-2 (Aurora B ortholog) is required for targeting of centralspindlin

to the central spindléSchumacher, 1998bfurora B is part of thehromosomalpassenger
complex(CPC)and Aurora B mutants are unable to complete cytokinesis, show chromosome
missegregation, and polar body extrusion def@@t#o et al., 2003; Honda, 2003; Severson,
2000; Terada, 2001)In C. elegansAlR-2 mutants show partial contractile ring constriction
and chromosome segregation err@@avies et al., 2014) Together, thesk&inasesCDK1,

PLK1, and Aurora Bact in concert to ensure the cell is primed to initiate cytokinesis at the

right time.

Rho family GTPasesnd cytokinesis
Positiveregulatoryrole for Rhoduring cytokinesis

Rho GTPaseslay a myriad of roles including actin cytoskeletalorganization cell
motility, cell polarity, axon guidance vesicletrafficking and cell cycle maintenanceThey
function asmolecularswitchesthat cycle betweenon andoff statesvia positiveandnegative
regulatorg EtienneManneville and Hall, 2002)A conformationakwitch occursvia Guanine
nucleotideExchangeFactors(GEF thatactivateGTPase®y catalyzingthe exchangef GDP
to GTP, and GAPsthat inactivateGTPasedy inducing GTP hydrolysis(Bos et al., 2007)
Additionally, there are Guanine nucleotideDissociation Inhibitors (GDIs), which block
nucleotideexchangeand preventmembraneassociatior{Olofsson, 1999)Five Rho GTPases
have beenfound in worms, of which three RHO-1 (hereafterreferredto as Rho) CED-

10Rac andCDC-42 arethebestcharacterized
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During cell division, Rhois localizedin a bandat the cortical zoneof the cell equator
whereit promotesdownstreaneffectorsto initiate constrictionof the contractilering (Kamijo
et al., 2006; Nishimura et al., 1998; Takaishi et al., 1995; Yonemura et al., 2004; Yuce et al.,
2005) This localizatin is mediatedby many regulatorsincluding Ect2, Rga3/4, and Plkl
(Matthews Delabreetal. 2012,Desai et al. 2013 Additionally, Rho functions upstream df
actin and myosinll (discussed in more detail late) recruit themto the contractilering
(Alberts, 2001; Matsumura, 2005; Piekny et al., 200®%ha3s role in cytokinesis was
discoveredvhendividing embryosinjectedwith a dominantnegativeor constitutivelyactive
form of Rho or C3 (anttRho antibodies)transferasefailed at cytokinesis(Drechsel et al.,
1997; Kishi et al., 1993; Mabuchi and Okuno, 19T%osophilaembryos show cytokinesis
defects when expressing mutdRiho or are injected with C3. Likewiseedetion of Rhq,
RHO-1 in C. elegansresults in no cleavage furrow ingression and cytokinesis failure
(Canman et al., 2008; Jantselunger et al., 2000Hence,Rho is a masteregulator of
cytokinesisand contragke ring assembly

SinceRhois a GTPase it requires an activator and inhibitor to regulate its activity.
Epithelial cell transforming sequenc@(Ect2) is the positive regulatorof Rho. Disruption of
Ect2 showssimilar phenotypedo Rho dominantnegativemutants Using a Rho fret probe
investigatorsfound lower Rho and myosinll activity at the cortex prior to anamasewhen
Ect2 was silenced further confirming a role for it upstreamof Rho (Matthews et al., 2012)
Knockdownof pebble the Ec2 homologin Drosophilg anda hypomorphicect2 mutantin
epidermalcellsin C. elegansblockscontractilering assemblyand causesytokinesisfailure
(Prokopenko et al., 1999Fct is neededto activate Rho at the cell equatorto promote

contractilering ingression In mammalianand Drosophila cells, Ect2 is localized to the
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central spindle via recruitment by MgcRacGAR4cGAP50Cin flies) (Nishimura ad
Yonemura, 2006; Su et al., 2011Hlowever, inC. elegan€ECT-2 is cortically enrichedChan
and Nance, 2013Rhoactivationis alsomediatedoy otherGEFs:Vav3, found in HeLacells,
where overexpressiorleadsto similar cytokinesis defectsas Rho overexpressiorassays
(Fujikawa K, 2002) GEFH1, also found in HelLa cells mutants displayed blebbing
asymmetridurrowing andincreasedncidenceof cytokinesisfailure (Birkenfeld et al., 2007)
The GAP RGA-3/-4 is necessaryo restrictthe zone ofRho activationleading to ectopic
activation outside of the cell division plane (Schmutz et al., 2007; Zanin et al., 2013)
Knockdownof RGA-3/-4 leadsto excessivepseudecleavage (a cytokineslge furrowing
event that does ndead to cell separationhypercontractility, membraneruffling, and

ectopicfurrowing (Schmutz, Stevens et al. 2007, Zanin, Desai et al. 2013)

Spindle microtubules control a zone of acfRtgoat the division plane

Even though bundled microtubules dtet mitotic spindle have been found to
determine the position of the furrow, the molecular mechanisms were still largely a mystery.
Experiments using a fluorescent reporter to probe for the small GRbPadsmally exposed a
mechanistic link between micrdiules and the furroyBement et al., 2005 Investigators
found thatRholocalized to a narrow zone that corresponded with the division pBement
etal., 20095. It did so independently of actin as it still localized correctly in urchin embryos
treated with cytochalasin D (used to block actin assemisiyygesting Rho functioned
upstream of actiBement et al., 200p However, microtubule disruption did negatively
impact the formation of &ho zone and furrow{ Bement et al., 2005The key experiment

tested the role of spindle displacement in theitmm of theRhozone. When the spindle was
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displaced using a blunt microneedle, Rt®ozone and furrowvererepositionedrelocating to
the location of the misplaced spind{Bement et al.,, 2005; Mabuchi I, 1993) This
demonstrates the mitotic spindle communicates with the cell corteRhaeactivation to

position the division plane and constrict the contractile ring.

Rho effectorsDiaphanous family forms

Rho GTPase family members, aRtloin particular, & important in actin dynamics.
Actin canbe presentn the form of G-actin, asa monomey or asF-actin whereit is partof a
linear polymer of G-actin subunits (Schmidt and Hall, 1998)F-actin assemblyis an
unfavorableandslow eventdue to the instabilityand dissociatioof actin dimers and trimers
(Tobacman and Korn, 1983)Nucleating factorge.g.the Arp2/3 complex formin proteins,
Spire, etc.)are requiredto initiate assemblyof F-actin in vivo. Here | wll focus on the
nucleating factor diaphanougamily formin, which is required for contractile ring
constriction.

The actin cytoskeleton is comprised lwith linear and branched filament networks
that contribute to cell division via contractile ring coitdion and cell migration via leading
edge protrusior{Pollard et al., 2000; Pruyne et al., 200Ruring cytokinesis inmetazoan
cells, diaphanougamily formins are essentiafor actin filament assembly(Watanabe et al.,
2008) Diaphanous formins were first identified in Rrosophila screen looking for
spermatogenesis defects whdi@was found to cause sterility and lethality due to cytokinesis
defects (Castrillon DH, 1994) F-actin recruitment appears to be nmooscle myosin |l
independent as-&ctin in COS7 cells was able to accumulate at the equatorial furrow even in

cells where nofimusde myosin Il was knocked dowgXuefei Ma, 2012) In NIH 3T3 cells,
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antrmDia-1 antibody injectioneadsto cytokinesis failure with little furrowing rocontractile
ring constriction(Tominaga et al., 2000)n C. elegansthere are 7 formiencoding genes,
with CYK-1 being the diaphanouslated forminrequired for cytokinesigDavies et al.,
2014; Severson et al., 2002h C. elegans CYK-1 localizes to the leading edge the
contractile ring(Swan et al., 1998)ndlossof CYK-1 activity results incytokinesisfailure
and prevents contractile ring constrictiidavies et al., 2014; Gong=t al., 2000; Swan et
al., 1998) The requirement fodiaphanougamily formin in cytokinesisis well conserved
throughout eukaryotes.

Diaphanoudamily formins contain active domainthat promoteactin assemblyand
regulatory domains that control shactivity (Alberts, 2001; Watanabe et al., 199%he C-
terminalactiveregionis madeup of formin homology1 (FH1) andFH2 domains(Higgs and
Peterson, 2005; Otomo et,&005; Pring et al., 2003yhe FH1 domaincontainsa profilin-
actin binding site which recruitsactin monomergPaul and Pollard, 2009The FH2 domain
promotes dimezation and associatiowith the barbed(plus) endof an actin flamentandis
themostconservediomainin forminsacrosgphylogeny(Otomo et al., 2005; Xu et al., 2004)
Diaphanoudamily formins also containa C-terminal regulatoryDiaphanousAutoregulatory
Domain(DAD), which interact with the FH3 (DID) domain at théN-terminusto inhibit actin
assemblyby the FH2 domain (Alberts, 2001) The auteinhibitory interactions of the
FH3(DID)-DAD domains can be released by tG&Pasebinding domain (GBD),that is
activated by Rho family membessich @ Rho (Sagot et al., 2002; Watanabe et al., 1999)

(Figure®6).
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Figure 6: Diaphanousfamily formins are activated by Rho family GTPases

Scheméc of Diaphanougamily forming with conserved domainslepicted in the inactive
state wherghe DAD domain inhibitsthe GBD/DID domain and an active state where Rho
binding activatesheseformins.
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Rho effectorNon-MuscleMyosirl|

Non-muscle myosinll (hereafter myosidl) is the major motor protein responsible for
cytokinesis(Mabuchi and Okuno, 1977l is a hexamermadeup of 2 myosin heavychains
(MHC), 2 essentiallight chains(Machacek et al.and2 regulatorylight chains(RLC) (Tan et
al., 1992) Thelight chainsbind myosinll atthe alphahelicalneckregion andarethe site of
phosphorylationsesponsibldor the activity or inactivity of the headdomain The C-terminal
domainof myosirll is madeup of a coiled-coil rod that candimerize andligomerizewith
othermyosinmoleculestherebyforming shortbipolarfilaments,muchlike thosefoundin the
thick filamentsof muscletissue Phosphorylatednyosirtll is recruitedto the furrow at eaty
anaphasevia Rho activation and inhibition of its ATPaseactivity (Sellers, 1991) CDK1
inhibits myosin ATPaseactivity by phosphorylatingat Sedd, 2,and9 MLC sites(Bengur et
al., 1987) Thus, myosidl activity in cytokinesis is drign by several phosphorylation events.

Myosin-1l wasfirst shownto be essentiafor cytokinesisin echinodermblastomeres
that were injectedwith antrmyosin antibodies While the mitotic cycle was not affectedin
theseblastomerescytokinesiswas still blocked (Kiehart et al., 1982; Mabuchi and Okuno,
1977) The importance aiyosintll in cytokinesiswasfurther shownin DictyosteliumandS
cerevisiae(Bi et al., 1998; Ang et al., 1997)Disruption of spaghettisquash a genethat
encodeghe RLC of nonmusclemyosirtll, resultsin little membranangression(Karess et
al., 1991) In C. elegansmutantsfor MLC-4, the homologfor theRLC, alsoresultsin lossof
membraneingression(Shelton et al., 1999aMyo1, the only myosidl in budding yeast,
MHC domainmutantsresultin abnormalcell division and cell wall organizationat the bud

neck of S cerevisiae displaying chairtlike growth with attached daughter cell$Bi et al.,
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1998; Fang et al., 2010; Lippincott and Li, 1998herefore, myoskHil is the major motor
protein responsible for cytokinegiglabuchi and Okuno, 1977)

While actin and myosin function togetht® constrict the ringtheir localization to the
division plane occurs independentiWwhen actin filaments were disrupted sea urchin
embryosusing latrunculin Amyosinll clusterswere still able to localize to thavision plane
(Henson et al., 2017)n S2 cells, myoskil was found to accumulate at the furrow before F
actin enrichment and was s#@kpressedfter Latrunculin A treatment was used to disrupt the
actin filaments(Dean et al., 2005)Both in budding and fission yeastyosinll ring
localization was unaffected by actin d@&pmerization after formation of the actomyosin ring
(Bi et al., 1998; Naqvi et al., 199yosin-1l was also still able to localize to the ring even
after insult to its actin binding motor domaifBeach and Egelhoff, 2009Yogether this
evidence supports the notion that myeldins recruited in an actimdependent manner
(Henson et al., 2017)

Myosirtll is able to mediate its contribution to contractile ring constriction via
phosphorylation and dephosphorylation everfeur wellstudied upstream myosih
regulatorsin mammalsinvolved in phosphorylation of MLC at Serl9 and Thrl8 Rt®-
kinaseinhibitors (Mahlert et al.) Citron kinase Myosin light chain kinase (MLCK), and
myosin phosphgase (MYPT). Mutations in MYPT vary in their degree of severity on
cytokinesis depending on the organism. In wommst11, the MYPT ortholog, results in
ectopic furrowing and faster cleavage furrow ingression kisetith cells stil able to
complete cytokinesi@Piekny and Mains, 2002)In Drosophilat her e doesndét seen
effect in cytokinesigPiekny and Mains, 2002] he preciserole of citron at cytokinesisseems

to beinconsistenbetweenspeciesasit is not essentialn worms, mice or rats butis required
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in several other systemssuch as Drosophila S2 cells, neuronal cells and developing
spermatocyte@Bassi ZI, 2011; Cunto et al., 2002; Sonnichsen et al., 2005)

There appears to be a lot of redundam the regulation omyosinll. MLCK is not
essentiafor cytokinesisin all cell typessincemice with anMLCK knockout deelop fine in
utero and onlydie shortly after birth (Somlyo et al., 2004)In C. elegans RNAI against
calmodulin(a calcium binding messenger proteamd candidate MLCKsalsohadno effect
on cytokinesisn control orlet-502, homolog of ROCKmutant embryog¢Ellen L. Batchelder,
2007) Likewise, the inhibition of ROCK using Y27632 did not result in cytokinesis failure in
HelLa cells but did show slower contraction kinetjg®séo et al., 200Q) In Drosophila,
ROCK mutation phenotypes are limited to specific tissues in the wings and eyes but do not
seem to affect the organism over@handala et al., 2004ylutations inlet502, resultel in
little or no pseudocleavage asdmetimes ircytokinesis failurgPiekny and Mains, 2002)
While Rhois involved in recruiting nomusclemyosinll to the contractile ringthe exact

mechanism fohow this ocairsin C. elegansis still unknown.

Other actomyosin binding proteiasd cytokinesis

A numberof additionalactomyosin binding proteinsuch asprofilin, cofilin, anillin,
and septinslso play functional roles in the contractilering. Formin binds prafin, which
increaseghe elongationrate of actinfilamentsby stimulatingactin monomersnto filaments
via exchange o ADP bound actin to ATHPaul and Pollard (2008L. elegansxpresses 3
isoforms ofprofiling: PFN-1, PEN2, and PFN3, all of which are involved in binding actor
manipulating actin dynamid®olet et al., 2006)Cofilin (unc60B in wormsjs involvedwith

actin disassemblyoy increasing the rate of dissociatioh actin monomers at the minus end
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via severing and depolymerizationhich destabilizes thactin flamentsand increases actin
turnover(Gunsalus et al., 1995; Mabuchi, 200&mashiro et al., 2005Vhile these proteins
are important in mammalian cells, their functiarC. eleganss not well defined.

Other importanactomyosincrosslinkers in the contractile ring are anillin asdptin
The role of anillin in cytokinesiss context dependentt is important for the structural
integrity of the cleavage furrom HelLa cellsandits disruptionresultsin 15-20% cytokinesis
defectsbut is largely dispensablan C. elegans(Piekny and @tzer, 2008; Straight et al.,
2005; Zhao and Fang, 2005&)is a crosslinkingproteinthat binds f-actin myosinll, Rho
Cyk-4, andseptins(Buttery et al., 2012; Watanabe et al., 2010; Wernike et al., 2QhA4.
elegans, anl, the homolodor anillin, hasbeenimplicatedin driving asymmetridngression
from one side of the division plared also plays a role in polar body emission, driving one
of the most asymmetric divisions in the oéorn et al., 2010; Maddox et al., 200While
anillin has many binding partnersijith the except for septin, it is not essential for their
recruitment to the contractileng (Field et al, 2005; Maddox et al., 2005)

Like anillins, the requirementor septinsis context and organisfdependentThough
important for proliferation irDrosophilaimaginal tssues and some human dgfes they
are largely not essential farytokinesis, everthough they concentrateat the site of cell
division (Adam J. C., 2000; Echard et al., 2004; Fares et al., 1995; Haarer and Pringle, 1987;
Kinoshita et al., 1997; Longtine et al., 1996; Maddox et al., 2005; Maeldalx, 2007; Manoj
B. Menon, 2015; Neufeld and Rubin, 1994; T.Q. Nguyen, 2000}. eleganghere are only
two septins, UNC-59 andUNC-61, while there are many more in other organisms (14 in
humans and 5 iflies) (Kinoshita, 2003; Pan et al., 2000NC-59 and UNG61 localize to

the leading edge of cleavage furrows but their depletion does not cause gross cytokinetic
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defects(Maddox et al., 2007; T.Q. Nguyen, 200@Qverall, the functional coribution of

septingn cytokinesis is still elusive.

Other Rho Family GTPaseand cytokinesis
Racnegatively regulatesytokinesis

Racwasinitially found asa Ras-relatedC3 botulinumtoxin substratel (Didsbury et
al., 1989) Sincethen it hasbeenimplicated inregulatingcytoskeletalorganization axonal
guidance cell proliferation cell migration and transcription It has also been proposedto
negativelyregulateconstrictionof the contractilering by stimulatingactivationof the actin-
relatedprotein2/3 (Arp2/3) complexandformationof branched-actin (Canman et al., 2008)
The Arp2/3 complex forms at the leading edge of motile cells where its production of
branchedfilaments generateenoughforce to push the leading edge forward (Pollard and
Borisy, 2003) Rac regulatesthis activity via WAVE and WASP, which stimulae actin
polymerizationby the Arp2/3 complex(Pollard and Borisy, 2003; Steffen et al., 2004)s
possible the Arp2/3 complex nucleated branchadtin filaments areless conducive to
myosinll motor-driven constiction than the linear-&ctin produced by diaphanous family
formins.

As a negative regulator, blockifpcactivity doesnot causecytokinesisdefectswhile
overexpressionof Rac in HelLa and RatlA cells did cause cytokinesis failure and
multinucleaton (Dutartre et al., 1996)n HeLa cells,as cytokinesisprogressedRac activity
was lower at the site of the division plane amdreased at thpolar regionsof the plasma
membrane Cells expressinga dominant negative mutant of cyk-4 showed Rac levels

remainechigh atthe site of the cytokinetic furrow,supportingevidencefor adirectinteraction
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betweenCYK-4 andRac (Yoshizaki et al., 2004)While still contentiousthereis additional
evidencethat Racactivity is inhibited by CYK-4 (discussednorein depthin Chapter3). In
culturedcells andin Drosophilamutants doubledepletionof cyk-4 andRag or its effectors
largely suppressethe cytokinesis failurgohenotype causedrom lossof cyk-4 alone(Bastos
et al.,, 2012; Canman et al., 2008; D'Avino et al., 2004; Loria et al., 2012; Zhuravlev et al.,
2017) It hasalsobeenproposedhatinhibition of Racleadsto a reductionin adhesiorat the
division plare. Downregulationof Rac binding partnerssuch as ARHGEF/, PAK1, and
PAK2 reducedthe mutinucleationphenotypen cells with constitutivelyactive Rac (Zuo et
al., 2014) A GAP-deadCYK-4 mutantshowedmore cell substrateadhesionand abnormal
adhesiorfibersfurthersupportingarole for cyk-4 in blockingadhesiordriven by Racactivity

atthedivision plang(Bastos et al., 2012)

CDC-42 andcytokinesis

Like depletion of Rac, cytokinesis not negativelyaffectedin the absencef Cd42
but overexpressiorassaysin Hela cells using a constitutively active Cdc42, reailted in
disorientedF-actin and giant multinucleatedcells implicating this GTPasein cytokinesis
(Dutartre et al., 1996; Zhu et al., 2011&)dc42 was discoverea@s a cell cycle genein S
cerevisiaejmportantfor properbud formation andorientation(Johnsorand Pringle, 1990)
Althoughlossof Cda42 did notimpactcytokinesisintegrity in HeLacells, theydid displaya
lessnarrowzoneof Rhoatthedivision site andfewer F-actinfilaments(Zhu et al., 2011b)in
C. elegansloss or overexpressionf CDC-42 on its own does not cause cytokinesis failure
(Jordan et al., 2016Hyperactivationof Cda42 hinderedcytokinesisin Xenopusembryos

andrat kidneyepithelialcells (Drechselet al., 1997; Zhu et al., 20L1n C. elegansand other
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organisms Cdc42 is enriched asymmetrically, forming a polar cap in the anteoarain
(Kumfer et al., 2010) Cdc42 is required for polar body emissionXenopusand mouse
oocytes(Maddox et al., 2012; Na and Zernieletz, 2006) Cdc42 localize to both the
mitotic and central spindle in stained mouse embsgomoredirect roles for it in cytokinesis
mayyet to be discovere(Bielak-Zmijewska et al., 2008)Perhaps relate its potential role
in cytokinesis, Cdc42 ialsoimportant forcell polarity maintenance during asynetric cell

division (see more below).

Asymmetric cell division
Symmetric verses asymmeuall divisiors

Cytokinesiscanresulteitherin a symmetriccell division, resulting in daughter cells
that sharethe samecell fate and/orsize,or in a polarizel asymmetriccell division, resulting
in daughter cellghat differ in cell fate or size(Barr and Gruneberg, 2007; Williams and
Fuchs, 2013)The C. eleganszygote or oneell embryg undergoes polarized asymmet
division, and hasbeena seminaimodelsystemto studyhow cell polarity anddaughtercell
asymmetryare regulated In C. elegans the first polarity cueis triggeredby the entry of
sperm that contribute their centrioleand determinethe posterior end of the embryo
(Goldstein and Hird, 1996 Asymmetric divisions are an important way for cells to generate
diversity byaltering distributiorof cytoplasmic components and thereby tat.

Becausehe position of the mitotic spindle determines thasition of thecortractile
ring, it thereby establishes tr@ze of the daughter cellsvith a spindle positioned in the
middle resulting in equal sized daughter cells and a displaced espewdlling in asymmetric

cells In onecell C. eleganembryosincreased posterior cortical microtubule pulling forces
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leads to displacement tfe spindlanoretowardsthe posteriorwhich leads to the production
of alargeranterior daughter cell andsmaller posterior ce{lGonczy and Hyman, 1996; Grill
et al., 2001) This asymmetric spindle positioning is controlled by the cell polarity or PAR

proteins (see below)

PAR poteinsin cell polarity establishmenand maintenance

Asymmetric division requiresthe PAR proteins (PARtionining defectivg, which
localizeto oppositesidesof the cell to regulateunequalcytoplasmicand cortical inheritance
of the daughtercells (Cabernard et al., 2010; Goldstein and Macara, 200he core PARs
consistof anteriorpars(aPARs PAR-3, PARG6, PKG3, myosinll, andCdac2) andposterior
pars(pPARs;, PAR-1, PAR-2 and LGL-1), so namedfor their respectivelocalizationwithin
theembryo(Rose and Kemphues, 1998Yior to fertilization,aPARs are distributed equally
along the cell membran&owever they becomeestricted to the anteriarpon sperm entry
(Boyd, 1996; Guo and Kemphues, 1995; Hoege and Hyman, .2013)ss of the PAR
proteinsin C. eleganseliminatescell asymmetry by reducingthe pulling forcesof the asters
to no longerdisplacethe spindlemoreto the posteriorpole, andis a causeof differential cell
fate specificationbetweerdaughtercells, butdoesnotleadto cytokinesisfailure onits own.

In C. eleganspolarization occursafter fertilization and takes place irtwo phases:
establishment and maintenance.During polarity establishment, the spermderived
centrosomes (and perhaps asters) trigigeraccumulation of PAR and movementof PAR-
6/PAR-3/PKG-3, myosinll, and CDC42 from the presumptive posterior domaim form an
anterior cap(Hehnly and Doxsey, 2012; Munro and Bowerman, 200%ese opposing

domains are guided by actomyos$iased corticaand cytoplasmi¢lows (Cheeks et al., 2004;
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Hird and White, 1993; Munro et al., 2004nd are maintained by mutual inhibiticet the
anteriorposterior aPARPAR boundary(Cuenca et al., 2003) Mutations and chemical
treatments that affect myosihand/or actinresult in mislocalizaon of thePAR proteins,
suggesting thatortical andcytoplasmic flows are dependent on actomyosin contractility and
myosinll (Guo and Kemphues, 1995; Guo and Kemphues, 1996; Munro et al., 2004;
Severson and Bowerman, 2003; Shelton et al., 199%aie the concemation of myosin|
becomes downregulated once the PAR domains are established, there is a notable increase in
concentrations ofmyosinll::gfp that form an anteriecap. Disruption ofmyosinll during
establishment results in a completely anteriorizedegowith the posterior PARs excluded
from the corteCuenca et al., 2003)n addition,Rho and ECT2 have also been implicated
in polarity establishment. Depletion of Rho or E€Tshav a reduced accumulation of
GFPPAR-6 at the cortex compared to wilgpe embryos, and the signal was never restricted
to the anterior cortexMotegi and Sugimot@006) This suggests that Rho and E€Tare
required for the initial polarization of PAR during polarity establishment.

Polarity maintenance is wheahe aPARpPAR boundry is located at the division
planewith the anterior and posteriadomainsdistinguishedoy mutualinhibition of the PAR
proteins whereby aPARs are required for the localizatamd restriction of the pPARad
vice versa(Beach and Egelhoff, 2009; Cuenca et al., 2003; Motegi et al., 2MuLitpal
inhibition is thought to be accomplished via changes in phosphorylatdimg to inhibition
of PAR-1 and PAR2 by atypicalprotein kinaseC (PKC-3), which may chang#heir affinity
for the membrane or cortex of the cell if they cross into the anterior bou(ikaity et al.,
2010) After pseudocleavagear-2(RNAI) embryos showed a redistribution of myesin

fibers over the mtire surface and PAR relocalized tothe posterior cortex as a result of
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changes to the cortical flogMunro et al., 2004)Therefore, PARR is vital to inhibit myosin

Il from the posterior andmaintenance ofanterior-directed cortical flow to prevent
redistribution of anterior PAR proteinghe anterioPARs PAR-3, PAR-6 andPKC-3 are ce
dependent for cortical localizaticso the loss of evenone of the aPARseliminatespPARs
exclusionfrom the anteriorand the entire embryo becomesiposteriorized (Cheeks et al.,
2004; Cuenca et al., 2003)hile not required for anteriguosterior polarity establishment,
Cddd2 has a conservedrole in polarity maintenance Disruption of Cda42 blocks the
localizationof PAR proteinsin C. elegansambryos in particular,PAR-3, PAR-6, andPKC-3
areno longerrestrictedo theanterior(Gotta et al., 2001; Motegi and Sugimoto, 20D&)ing
polarity establishmentcdc42(RNAi)embryosshowed normal enrichment of Gioe (used
to tag the filamentous actininding domain) at the anterior and P&Rbut at polarity
maintenancecdc42(RNAI) embryos showed loss of GHifoe and PARS accumulation,
suggesting OC-42 is not essential during the establishment phase but is essential later
(Motegi and Sugimoto, 2006lFigure?).

PAR-5 is responsible for maintaining the opposing PAR boundaaieunlike many
other PAR proteins, PAR is symmetrially localized in the early embry(Morton et al.,
2002) In the absence of PAR both aPARs and pPARs become uniformly distributed on
the cell cortexMorton et al., 200R(see also Chapt&)). PAR-5 is a member of the 13-3
family of proteins.14-3-3 proteins can selfassembleinto homodimersand heterodimers
(Aitken et al., 2002)As dimers they caninteractandregulatea hostof proteins wherethey
go on to relay signaling cues to regulate protein trafficking, apoptosis metabolism
cytokinesis cell-cycle timing, etc. (Wilker et al., 2007) PAR-5 is also a known target of

AuroraB during cytokinesigBasant et al., 2015; Douglas et al., 2010)
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Figure 7: PAR proteins in cell polarity establishment and maintenance.

Polarity Establishment

Schematic of changes tioe localization of polarity proteirguring polarity establishment and
maintenance. At polaritgstablishmentanterior polarity proteins are localized all along the
cortex. As the cell undergoes pseudocleavéye,aPARs become restricted to the anterior
cortex and pPARs to the posterior. At polarity maintenane®, ddmains are localized to
opposing poles of the cells, maintained via mutual inhibition.
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Cytoplasmic asymmetry and the PARs

Downstream ofthe core PARs are PAR1 and PAR4, which are involved in
regulatingcytoplasmic asymmetries such as the asymmetric distribution of organelles and
difference in cell cycle timingPAR-1 is a serinethreoninekinasethat is enriched in the
posterior corteXBoyd et al., 1996; Guo and Kemphues, 1995)itro, it has been found to
phosphorylate PARS (Hoege, 2010)Loss of PAR1 causegoss of posterior enrichment and
uniform distribution of P granulg&emphues et al., 1988)

PAR-4, also a serinethreoninekinase is distributeduniformly alongthe cortexand
cytoplasm so unlike the core PAR proteins its distributionis not dependenbn other PARs
(Watts et al., 2000)While loss of PAR4 also causescells to lose their asynchronougell
cycle timing and spreadsperinuclear RNA granulesP{granule$ to all cells there is little
change in thespindledisplacemenand cell size asymmetryis maintained(Crittenden et al.,
1997; Jordan et al., 2016; Kirby et al., 1999AR-4 has also been implicated riegulating
myosin andfurrow positioningduring cytokinesigBenkemoun et al., 2014; Pacquelet et al.,
2015) In mammalsLKB1 (mammalianPAR-4) phosphorylates as many as 14 downstream
kinases, including PAR, and is involved in many processes contributing to cell homeostasis
(Alessi et al., 2006)

Polarity proteinsare alsoinvolved in cell-cycle regulation.To regulate cell cycle
progression PAR proteins act throughscle inexcess5/6 (MEX-5/6), two cytoplasmic zinc
finger RNA binding proteins that arestlibuted ina gradient in theytoplasm following the
A-P axis(Schubert et al., 2000PAR-1 is largely responsible for the distribution of MEX
through phosphorylatioand dephosphorylation reactiofi3aniels et al., 2010; Tenlen et al.,

2008) MEX-5/6 are also importd in specifying germline asymmetry and through PAR
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polarity proteins, such as PAR maybe be responsible for the exclusive distribution-of P
granules to the P2 cglSchubert et al., 2000MEX5/6 go on to regulate division timing by
binding to PLK1 and increasing its concentration in the anterior cytoplastiheabnecell
stage(Nishi et al., 2008)Consequentlythe anterior AB cell has higher levels of RlKhan

the posterior P1 celind goes onto dividapproximately two minutes earliéBudirahardja

and Gonczy, 2008, Brauchle, Baumer et al. 2088)the embryo develops, the asynchronous
cell cycle timing is maintained unless polarity proteins are disturbed (Bao, Zbad®2608).

In summary, polarity proteins are important in regulating many asymmetrical properties of the

cell including inheritance of cytoplasmic components, cell cycle tirang cell fate

Cell fate specification and cytokinesis
Cell specific cytokiesis failure

The consequences frooytokinesis failure is not equal across all dgfles. While
often it may lead to deleterious repercussions, there are also many cases where cytokinesis
failure is programmed to occuiln the literature,there are alrety many studies that show
specific celitype dysregulation of cytokinesifolascon et al., 2013; Moulding et al., 2007;
Vinciguerra et al., 2010)One possibility in why some cells are fated to fail while otlaees
not is that differences in cell Ai dentityo
division. Variation in regulatory mechanisms of cytokinesis could betduactors that are
intrinsic or extrinsic to the celllntrinsic factors such asell polarity and RNA granule
inheritancehave been shown toontribute to robustness of cytokine¢(Sabernard et al.,

2010; Jordan et al., 2016Extrinsic factors such asell-cell interactions anccell fate
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signaling molecules havalsobeen implicated in cytokines{Eumoto et al., 2012; Herszterg,

2013)

NotchDelta signaling and cytokinesis

The NotchGLP-1 signaling pathwayis implicatedin many aspectsof maintainirg
homeostasisndcell differentiation(ArtavanisTsakonas et al., 1999\otch and mostof its
ligands are transmembran@roteinsthat are comprisedof many EGF repeatsand must be
adjacento theligand expressingell to performits function (Shaya et al., 2017pynthesized
asaninactive precursoythe Notch proteinundergoeshreedifferent cleavagesventsin order
to becomeactive The final cleavageeventis by o-secretasewhich releasesthe Notch
intracellular domain It is then translocatd into the nucleusto repressor activate gene
expression

Notchis animportant gene of interest for its role in oncogenesis and ironically also as
a potential tumor suppseor (Rangarajan et al., 20Q1Aurora B isnecessaryor accurate
mitosis and may have great potential as a therapeutic agent for cancer though in human cancer
cell lines the cells are resistant to Aurora B infoits. This resistance is more prevalent in
cells with mutations in the Notchl receptor, which also show an increased chromosome
number potentially implicating a role for Notch in cytokinegloy et al., 2011)g-secretase
is a protease necessary for activating Notbh. studes where Notchl activity was
downregulated in combination with GSiggecretase inhibitors) the cell lines became more
resistant to chemotherapy in the study egell lymphoblastic leukemia €ALL) cancer cell
lines, while in other studies the combinatiof treatment has shown to induce cell growth

arrest and cell apoptosis. In other studies, the number of multipolar spindles were amplified
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when bothgsecretase and microtubule dynamics were pertu(Batgh et al., 2014)In
Drosophilasensoryorganpreairsors Notch localizesto the division plane (Coumailleau et
al., 2009) Further in cortical neurons treatmentwith Delta the Notch ligandjs able to
induce bundled microtubules(FerrariToninelli et al., 2008) Thus, it is possible thain
addition to its many function®otchmayalso be diretly involved incytokinesis
Whntsignaling and cytokinesis

Like Notch, Wnt/MOM-2 signaling is important for a plethora of célinctions such
as cell proliferation, migration, axonal growth, differentiation and pola@ityelegangmploy
both canonical and necanonical pathways of Wnt signaling. In the canonical pathway, Wnt
binding results in the translocationBAR-1, a [3caenin,to the nucleus. In the nezanonical
pathway, worms userm-1 as thel3-catenin instead obar-1. Without the Wnt signalf3-
catenin is targeted for ubiquitination and degradafdacDonald et al., 2009C. elegans
have 5 Wnt ligands and 4 Wnt receptors (I wipandon two of thesemmom2 andmomb5, in
Chapter 4) (Korswagen, 2002)These signaling proteins are important at theell stage
embryo.In the noncanonical pathway, signaling fromom2 (ortholog of Wnt) at the P2
interface toits receptormom5 (ortholog of Frizzled), at the EMS cortex, is required for
endoderm formatior(Goldstein, 1992) Wnt protein function relies on lipid modification
(Willert et al., 2003)and cell positioning since #&ctsasa shortrangesignaloften dependent
on neighboringecell contactfor its function (Sato et al., 2011; Strand and Micchelli, 2011)

There is somewdencefor alink betweencytokinesisandWnt signaling Cytokinesis
proteinsTumbleweedDrosophilahomolog of CYK-4) and Pavarottilhomolog of MKLP1)
have beenfound to negativelyregulateWnt activity by inhibiting armadillo (3-cateninin

flies) from activating gene expression at the nuclei of cells at interphatsad of their
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traditional expression at thdivision plane (Jones WM, 2010)In addition, Wnt family
members have been found to regulate levels of cytokinesis genes that are involved in human
cancer cells(Pandi et al., 2014)In Drosophila, Wnt5a localized to the midbody and
inhibition of Wnt5a caused cytokinedalure (Fumoto et al., 2012)Jn mammalian neuronal

cells, Wnt inducd axon remodeling invokeadhanges that are correlated with increased
microtubule stability(Salinas, 2007)It may beworthwhile to investigate ifWnt also has a

protective role in cytokinesis.

Abscission

Oncethe contractile ring nears full constrictiohe central spindlenaturesto form
the midbody, which serves as a platform for the assembly of abscission p(Atgiosayor
and MartinSerrano, 2013; Fededa and Gerlich, 20I%)e midbody, also known as the
intracellular bridgeis made up of a condensed antiparallel microtubule array, retaining many
contractile ring and central spindle components sas8£8PD-1, centralspindlin, and the CPC
(Glotzer, 2005; Green et al., 201%Yhile PRG1 and theCPC associate with the midbody,
centralspindlin translocates from the midbodgre to another midbody component, the
midbody ring(which encircles the cor€Hu, et al. 2012, Elia, et al. 201The midbody ring
also retains many of the same components involved with contractile ring constriction such as
actin, myosinll, and even septin and anillin (Madauét,al. 1998EI Amine, et al. 2013Hu,
et al. 2012 To clearwhat is left of the intercellular bridge/midbodgmnant the cell
regulates vesical traffickingnd recruits the ESCRT complex to engtk remainder of the
cytokineticmachinery(Bastos and Barr, 2010; Carlton, 2007; Fabbro et al., 2005; Guizetti et

al., 2011; Lee et al., 2008; Morita et al., 2007; Schiel et al., 2013; Zhao et al., 2006)
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Depletion of TSG101 (an ESCRT subunit) in C. elegansblocked recruitmentof the
endosomesorting complexesrequired fortransport ESCRTFIII) and disrupted membrane
internalizationand engulfment of the midbody remndKbnig et al., 2017) In contrast, loss

of ESCRTIII assembly inDrosophilacells did not impact mdbody membrane engulfment
(EI Amine et al., 2013)Actin is alsorecognized to play a role in abscissiorpasmeabilized

C. eleganembryostreated with latrunculin A were unable to normally engulf the midbody
remnant(Konig et al., 201y. RemarkablyC. elegansembryos depleted of SPD(to disrupt
microtubule bundling still showed midbody ring release, suggesting midbody microtubules
are dispensabldor abscission(Green,et al. 2013. In Drosophila S2 cells, the anillin C
terminuslinks septin and the midbody ring to the plasma membrane while the N terminus
shows anillin binding activity toward actin and myec#in(Kechad A, 2012; Lekomtsev,
2012) In C. elegansinhibition of septin resulted in abnormal midbody/midbody ring release
even though ESCRT machinery was still recruitdd.either case, abscission is an extremely
robust process that likely has many compensatory mechanisevemasnthe absence of the
ESCRT complexthe cell still completesseparation, though the processy be delayed
(Green et al., 2013; Konig et al., 2013judy of abscission is revealing ever more complexity

and is an interesting area for future research.

Non-canonical mechanisms of cytokinesis
Traction medated cytofission

In addition to canonical cytokinesis driven by constriction of an actomyosin ring,
some cells have adapted to useifferent methods to get around the same problem of

physically partitioning a cell into twdictyosteliumwith an MHC genedeletionstill round
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up during mitosis and even completenucleardivision but fail at cytokinesisin suspension
cultures resultingin large multinucleatecells (Knecht and Loons, 1987) However, when
grown on an adhesive surfaceyosinll loss does not block division iictyostelium(Zang
et al., 1997)This suggests cells able to brace themselves against a surface to generate tension
are able to compesate for the loss of myosih This method of division is lawn as traction
mediated cytofissiorfDe Lozanne and Spudich, 198 epithelial human cell lines that
were chemically treated to cause cytokinesis failomaycleate cellsindergoing cytofission
show reduced PLK1 and MKLP1levels and were even able tocompletedivision after
treatment with nocodazolévestigatordoundthat even cells that fail to divide initially but
are able to properly segregateomosomes mayndergo interphase cytofissias ameans of
presering genomic integrity (Choudhary et al., 2013)interestingly, in humancells
cytofission was dependent on myes$lirand actin polymerizatior{Choudhary, Lera et al.
2013). It is possible thain human cellsmyosinll functions more to provide adhesive stress
thanin Dictyosteiun cells where reducing myosih may increase cell motilitfChoudhary et
al., 2013) This type of cell division may have broad ilicptions for protecting cells from
failed cytokinesis and preventing aneuploidy.
Plant cytokinesis

Unlike in animal cells, plant cellsre enclosed ba firm cell wall. These cell alls do
not allow for theconstrictionof acontractile ringdue to theirigidity so plantusea different
mechanism to divide cellénsteadof a contractile ringmembranesnclosed vesicles from the
Golgi move to the center of the cell whehe cell plategrows outward from thelivision
plane until ittuses with the plasmaembrandJurgens, 2005 he division site isletermined

by the preprophase bandke the mitotic apparatus ianimal cells, the cell plate consists of
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stable microtubule bundles and dynamic microtubu{biirata et al., 2013) These
microtubules are arranged in a parallel fashion,nte to theequator (Euteneuer and
Mcintosh, 1980) Similar to plant cells, in budding yeast the division plane is marked by a
bud-site on the celtortex(Chant, 1996 andsomeS. cerevisiaestrainsareableto divide by
compensatingvith uniquecell wall deposition in the absenc# myosinll (Bi et al., 1998;

Tolliday etal.,,2003)The adage, Awhere there is a wil!]l,

various ways cellsompletecytokinesis.

Cytokinesis failure and human disease
Cytokinesis failures causative to human gatlogies

When gtokinesis fai, it givesriseto abnormal centrosome and chromosome number
andis thought to be responsibler many human disease~or example, only micenjected
subcutaneously with tetraploicells developed aneuploithalignancies compared to mice
injected with diploid cell§Cunto, Imarisio et al. 2002)X-linked neutropenia is a genetically
encoded blood disorder characterized by low numbers of neutrogh#ésrasult of failed
cytokinesis(Moulding, Blundell et al. 2007)Cytokinesis failure also has implications for
fertility/sterility as Drosophilamales homozygous for dial/formin mutations exhibit sterility
due to cell division failures in the germlin€éemales tranteterozygous for the same
mutation display cytokinesis failure in the follicle cell which causes sterility and deposition of
eggs with defective eggshel{€astrillon and Wasserman, 19940 summary, gtokinesis
failure has broad impact on human health, as it c@yribute todevelopmental defects,
blood disorders, infertility/sterility andancer(Castrillon and Wasserman, 1994; Cunto et al.,

2002; Fujiwara et al., 2005; Liljieholm et al., 2013; Moulding et al., 2007)
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Cytokinesis failure in normal tissues

Surprisingly, cytokinesis failure does raltvays lead to a disease state and in certain
tissues occurs during normal development and homeostasis. For example, in humans the adult
liver is made up of ~3@0% polyploid cells, which is when a cell contains more than two
genomic copies of DNAKudryavtsev et al., 1993; Toyoda et al., 2003¢patocytes (liver
cells) that become polyploa@te able to initiate contractile ring ingresskmrt many ultimately
regress to form 4N and even 8N cellslargallDucos et al., 2007)n rats, this cytokinesis
failure inliver cells is observed ondkeytransition from suckling to weanin@uidotti et al.,
2003) Rats whose insulin/AKT signaling is either disruptat mice with a homozygous
insulin mutation, show a reduction in the formation of binucleated tetraploid (Gallson
Morizur et al., 2009)The converse experiment, where rats were injected with insulin or a
control vehicle also displayedncreased tetraploid hepatocytes compared to control rats. The
insulin effect on cytokinesis failure is independent of glucose signaling since rats fed different
diet-types that modified glucose levels did not show a change in the formation of binucleated
tetraploid hepatocytes. This suggests that in liver cells, insulin plays anrédemation of
tetraploid cells(CeltonMorizur et al.,, 2009) Interestingly, it was recently shown that
cytokinesis failure in hepatot®s is protective against tumor formation in a mouse model
(Wang et al., 2017)

In other cell types, the mechanism of polyploidization is less clearsksdnnetimes
due to cytokinesis failureThere is some evidendbat polyploidization can be induced by
cell stress and injury, particularly in cardiomyocytes, which undergo polyploidization as a
result of both endoreplication, where mitosis is inhibiteshd multinucleation,when

cytokinesis failg§Hixon et al., 200Q)For may other tissues that display polyploidy such as
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the mammary gland, urothelium, mesothelium, uterine muscles, and Purkinje neurons, the
exact mechanism (cytokinesis failure, cell fusionendoreplication, etc) that causes ploidy is

yet to be determine@Biesterfeld et al., 1994)interestingly, if the urothelium in rats is
exposed to toxins, the superficial layer and its polyploid cells are shed and is replaced
completely bydiploid cells until a considerable passage of time when polyploid cells and the
superficial membrane are restor@l Marian Hicks, 1976)t would be interesting to learn if
cytokinesis failure isalso the cause of pglloidy in these systemss it is not fully
understood why some cells are fated to fail while others are not when the same cytokinetic
machinery drives cell division in aland how cell&issueshave adaptedto use errors in

cytokinesis to their advantage.

Conclusiors
Although we do not have a complete understanding of animal cell cytokinesis across

organisms and individual cell types, slovilye cytokinesispuzzleis being assembledWe

know signals from the metazoanmitotic spirdle communicatewith the cortex to drive
contractile ring constrictianMore and more the temporaland spatialregulationof essential
cytokineticproteinsarebeingcharacterizedAlthoughthe puzzle is still incompletey thesis

work addresssthe geneal areaf Rho GTPaseandCYK-4, therole of cell polarity during
cytokinesis and why different cell typesmay be more or less robustat completing cell

division.
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Chapter 2. Cortical PAR proteins protect againstcytokinesisfailure during asymmetric

cell division

Part of this chapter has been published in:
Jordan, S.N., Davies, TZhuravlev, Y., Dumont, J., ShirasHiza, M., and Canman, J.C.
(2016). Cortical PAR polarity proteins promote robust cytokinesis during asymmetric cell

division.J Cell Biol212 39-49.

My contributions to Chapter 2

| conducted the imaging and analysis of cytokinesis in dividiogtrol, formin(ts)
and myosin(ts)onecell embryos with amh without PAR4 and PAR5 RNAI (Figure 10,
Figure 13) and the imaging and analysis of cytokinesis across a thermal range in dividing
control, formin(ts) andmyosin(ts)nutant twecell embryos with and without RNAnhediated
PAR depletion (Figure14). Work not published but related to this project beginpage 69

following results and discussion from the article.
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My contributions(published manuscript):

| performed the imaging and analysis for-dagxperimerg (Figure10B, C; Figure S
2C, D, & F).My role in this work was to investigate if the downstream PAR protein BAR
contributes to contractile ring constriction in this wajthough PAR4 has previously been
implicated as a regulator of myodinduring cytokinesis in this system, | found that PAR
knockdown alone or in combination witthrmin(ts)or myosinll(ts) did not affect cytokinesis,
further supporting the positivele for core cortical PAR proteins in cytokinegiShartier et
al., 2011)

Unpublished results reportecerie includemy investigations on the role of PAR
(Figure 13)in the zygote, and the role of PARand PAR2 in later cell divisions with and

without formin(ts)andmyosinli(ts) (Figure14).
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Abstract

Cytokinesis, the physical division of one cell into two, is thought to be fundamentally
similar in most animal cell divisions, driven by constriction of a contractile ring positioned
and controlled solely by the mitotic spindlBuring asymmetric cell divisionghe core
polarity machineryPARtitioning defective or PAB) controls the unequal inheritance of key
cell fate determinantsHere we show that in asymmetrically dividi@g eleganembryos, the
cortical PARs (including the small GTPase CBEZ) have an dive role in regulating
recruitment of a critical component of the contractile ring, filamentous aectntiff). We
found that the cortical PARs are required for retention of anillin and septin in the anterior
pole, cytokinesis proteins that our genediata suggest act as inhibitors e&dtin at the
contractile ring. Together, our results suggest that the cortical PAR proteins coordinate the
establishment of cell polarity with the physical process of cytokinesis during asymmetric cell

division to ensw the fidelity of daughter cell formation.

Introduction

Cytokinesis, the physical division of one cell into two, occurs trillions of times from
fertilization to death, and division failures can have significant consequences including
miscarriage neurologcal dysfunction, immunological defects, and caneacroix and
Maddox, 2012; Tormos et al., 2015 Cytokinesis is driven by constriction of a contractile
ring, composed of formimucleated filamentous actin-&ttin) and the motor myosifi,
which is primarily positioned and controlled by the mitotic spin(een et al., 2012)
Divisions in which the daught er coepohests, 6i nhe

and thus the same cell fate and size, are referred to as symmetric. In contrast, many cell
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divisions during embryogenesis and in adult stem cells are asymmetric, resulting in daughter
cells with different cell fate and/or cell sif®Villiams and Fuchs, 2013) In metazoans,
asymmetric cell division requires G protaaupled receptors (GPCRs) and the PAR proteins
(PARtitioning defective). The PARs are a conserved set of proteins thaggségto opposing

poles of the cell during asymmetric cell division and control the unequal inheritance of
cytoplasmic and cortical factorfdacara, 2004; Motegi and Seydoux, 2013; Suzuki and
Ohno, 2006)

The C. eleganssinglecell zygote has been a seminal system for understanding the
molecular regulation of anterigosterior (AP) cell polarity and the PAR proteins
(Kemphues et al., 1988)In this systemppposing anterior (aPAR) and posterior (pPAR)
cortical PAR domains are formed via two genetically and temporally distinct phases: polarity
establishment and polarity maintenaiiCeienca et al., 2003)During polarity establishment,
the core cortical aPAR@Nncluding the scaffolding proteins PARand PARG, the atypical
protein kinase PKE3, the small GTPase CB&) and core pPAR PAR (RING finger and
NTPase containing protein) are targeted to ggposides of the cell via anteriorly directed
actomyosirbased cortical flowgCheeks et al., 2004; Hird and White, 1993; Munro et al.,
2004) During polarity maintenance, the aPARs and pPARs remain on oppad@sgos the
cell cortex forming a distinct A2 boundary near the cell equator via mutual inhibition (for
extensive reviews of PARgHoege and Hyman, 2013; Motegi and Seydoux, 2013; Rose and
Gonczy, 2014)

A role for the cortical PARs in cytokinesis was previously thought to be indirect, by
controlling spindle length and positidibechant and Glotzer, 2003)However, emerging

evidence suggests that cell polarity has a more active role in cytokinesis, though the
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underlying molecular mechaniss)(remain elusive. Perturbations in asymmetrically dividing
Drosophila neuroblasts revealed that spindiedependent contractile rings can form in
association with a GPGRromoted polarized cap of myosin(Cabernard et al., 2010)n C.
elegans depletion of PAR2 enhances contractile ring constriction defects caused by
compromised spindle signalii@echant and Glotzer, P3; Verbrugghe and White, 2007)
Mor eover, both the aPAR and pPAR proteins
cytokinesig(Pittman and Skop, 2012; Schenk et al., 2010)

Here we show that in the asymmetrigatlividing C. eleganszygote, cortical AP
polarity protects the cell against cytokinesis failure in the presence of a weakened actomyosin
contractile ring. We demonstrate that both the core cortical aPAR (including4pénd
pPPAR proteins are requirefdr proper factin levels at the contractile ring and restrict the
localization of two actomyosin binding and crosslinking proteins afiifiiand septiHN®>®,
We found that anillin and septirave unexpected inhibitory roles ira€tin accumulationta
the contractile ring. Thus we present a model in which cortical PAR proteins protect
cytokinesis during asymmetric cell division independent of mitotic spindle length by
promoting the anterior retention of anillamd septin away from the contractilegj thus

allowing for robust factin accumulation and ring constriction.

Results and Discussion
A synergistic interaction between formin and mydkmutants during polarity establishment

leads to cytokinesis failure

The factin nucleator diaphanotige formin©¥%! (hereafter formin) and the motor

myosinlINMY-2 (hereafter myoshil) are known to be critical for cytokinesigifure S1A)
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(Severson et al.,, 2002; Shelton &t, 1999b; Swan et al., 1998) Using fastacting
temperaturesensitive (ts) mutants with point mutations in the formin dimerization (FH2)
domain, required for actin polymerization, and in the mydisireck (S2) domain required for
dimerization and headoupling (Davies et al., 2014; Liu et al., 201@ye found that formin
and myosinll are synergistic. At senpermissive temperatures, where the proteins are
perturbed but functional enough to allow cytokinesigyre S1A), 100% ofmyosinli(ts)

and formin(ts) single mutant embryos divided successfully, while ~40%mgbsinli(ts);
formin(ts) doublemutant embryos failed to divide, suggesting a synthetic cytokinesistdefe
(14/35 embryoskigure8A; Figure S1B).

To identify the time of requirement for this synthetic interaction, we used a fluidic
device (Davies et al., 2014)o rapidly upshift (<20 secinyosinli(ts); formin(ts) double
mutant embryos to this sespermissive temperature at precise tipmnts during cell
division. Unexpectedly, we found that this synthetic interaction and cytakifaglsire occurs
only when myosifll and formin are both disrupted well before cytokinesis, during
establishment and maintenance ofPApolarity Eigure 8A). Upshift during polarity
establishment caused cytokiefailure in allmyosinli(ts);formin(ts) double mutants (7/7).
Upshift during polarity maintenance caused an intermediate failure rate (7/22), with all
failures seen in earlier upshifts. Upshift after the polarity maintenance phase did not cause
cytokinesis failure in any double mutants (0/6). Thus, the synthetic effect is strictly limited to
the time period correlated with polarity establishment and maintenance and not during

cytokinesis directly.
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Polarity esablishment is dependent on myes#inbut independent of formin activity
(Figure S1C) (Cuenca et al., 2003; Liu et al., 2010; Munro et al., 2004; Velarde et al.,.2007)
Thus we hypothesized that synthetic cytokinesis failure is due to mllokinction as a
polarity protein, synergizing with an independent formin function. Consistent with this
hypothesis, we found that thmeyosinll(ts);formin(ts) double mutant embryos théailed in
cytokinesis were also less polarized, with more centrally located metaphase plates relative to
those that succeeded in cytokinedtsg(re 8C). It is unlikely that this early interaction
represents aafay in functional inhibition, as both ts mutants are very-dathg and show a
full loss-of-function phenotype within seconds upon upshift to restrictive tempe(@avees
et al., 2014) Furthermore, cytokirses completed successfully when embryos were upshifted
to restrictive temperature during polarity establishment then downshifted to permissive
temperaturgorior to anaphase onsdiigure S1D). Taken together, te results suggest that
establishment of A& polarity (very early in the cell cycle, before NEBD) is required for

efficient contractile ring constriction during cytokinesis, a significantly later cell cycle event.

Core cortical PARs are required for cytoksis when formin activity is weakened

Establishment of A polarity requires both core cortica?AR and pPAR proteins
(Figure 8B; Figure 9A). Myosinll itself is a cotical aPAR, required for polarity
establishment and maintenance and localizing to the anterior ¢Guexrca et al., 2003; Guo
and Kemphues, 1996; Liu et al., 2010)o directly test a role for & polarity in cyokinesis,
we RNAi-depleted five different cortical PAR proteins in eitliermin(ts) or myosinli(ts)
mutants to assess these synthetic interactions for cytokinesis function. Depletion of the
aPARs (PAR6, PAR3, PKG3, or CDG42) or pPAR (PAR2) causecatytokinesis failure in

formin(ts) embryos at serpermissive temperature, with little to no contractile ring
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constriction Figure 9B; S3B). In contrast, PAR depletion slowed but did not block
cytokinesis inmyosinli(ts) embryos at serpermissive temperatureFigure 9C; S3B).
Depletion of each PAR alone, in the absence of another mutation, did not cause cytokinesis
failure (Figure9B-C; S3B), consistent with a synthetic effect. Successful PAR depletion was
confirmed by four hallmarks of loss of polarity (see Methdéigure 9A; S2A-D; S3A).

These data suggest that myeBiand the coreartical PARs act together duringRA polarity
establishment to regulate cytokinesis synergistically with formin. That is, the cortical PAR
and formin pathways each contribute to cytokinesis and weakening either one alone is not
sufficient to cause cytokesis failure, but weakening boththways prevents cytokinesis.

Why are both aPARs and pPARs required for robust cytokinesis when formin activity
is weakened? One possibility is that cytokinesis in asymmetrically dividing cells requires
opposing cortial PAR domains or the R polarity boundarymaintained by mutual aPAR
and pPAR exclusion. If so, the AP polarity boundary might act as a special site that
facilitates contractile ring assembly and constriction. Indeed, we found that furrow initiation
occurred near the ®& polarity boundary (where PAR levels are decreasing and P2R
levels begin to increase), suggesting a possible association betweeR theuddary and the

initial site of ontractile ring assembly={gure9D,E)
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Cytoplasmic polarity and spindle length are not key regulators of c@sisinvhen formin
activity is compromised

To identify factors downstream of the core cortical PAR proteins during cytokinesis,
we first examined PAR and PAR4, which mediate the asymmetric inheritance of key
cytoplasmic componentse.g. RNA granules) andlifferential daughter cell cycle timing
(Figure S2E,F) but are dispensable for corticalPApolariy in the onecell embryo Figure
10A). PAR-1 localizes to the posteriarell cortex (Boyd et al., 1996) PAR-4 localizes
uniformly on the corteXWatts et al., 2000and has beeshown to regulate myosith during
cytokinesis(Chartier et al., 2011; Pacquelet et al., 2018)Je found that depletion of either
PAR-1 or PAR4, alone or in combination with tHermin(ts) or myosinli(ts) mutaton, did
not affect cytokinesisHigure 10B), suggesting that this role in cytokinesis is specific to the
core cortical PARs.

It was previously suggested that cortical PARs indirectly regulate cytokinesis by
increasing spindle length and astral separatidechant and Glotzer, 2003; Lewellyn et al.,
2010) We did not find any correlation between reduced spindle length and the success or
failure of cytokinesis following atical PAR depletionKigure10C). While PAR2 depletion
decreased spindle length and caused cytokinesis failurlorimin(ts) mutants, PARS
depletion increased spindle length and also caused cytokinesis féigere 10C).
Similarly, though PAR2 depletion inmyosinll(ts) mutants led to very short spindles,
cytokinesis did not fail with either PAR or PARG6 depletion in this mutanf{gure 10C).

Thus the effects of core cortical PAR proteins on cytokinesis in this system are not due to

downstream effects on cytoplasmic factors or reduced spindle length.
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The core cortical PARrpteins are required for normatdctin accumulation in the
contractile ring

Because the myosilicortical PAR pathway shows a synthetic interaction with the
formin pathway during cytokinesis and a major function of formin is actin polymerization, we
next tested whether the core cortical PAR proteins regulatetin levels in the contractile
ring, using GFRagged reporters to monitoiattin and myoskil (Figure10D). Depletion of
either PARG6 or PAR2 alone lé to a 30% and 27% reduction, respectively,-actin levels
at the contractile ring Higure 10E), consistent with their synthetic cytokinesis failure
phenotypes. Effects on myodinlevels were inconsistent lve¢en PAR6 and PAR2, as
depletion of PARG led to a 31% decrease and RARed to a 48% increase in myosin
levels in the contractile ring~{gure 10F), as expected from their opposing effects on global
corticalmyosirtll levels (Munro et al., 2004) These data suggest that both the cortical aPAR
and pPAR proteins promote normaidtin levels at the contractile ring in asymmetrically
dividing cells and that this functiois synthetic with compromised formin activity during

cytokinesis.

The cortical PARs mediate the anterior retention of anillin and septin and restrict their
targeting to the contractile ring

How do the PARs regulateaictin levels at the contractile gd The anterior of the
early embryo is enriched for several actomyosin binding and regulatory pr{itkinso et
al., 2004) Starting from a list of genes that genetically interact with the cortical PRBRget
et al., 2013)we next identified asymmetric (anterior) enrichment of two actomymaiing

and crosslinking proteins implicated in cytokinesis: séptin® (hereafter septin) and

61



anillin®™' (hereafter anillin\Figure 11A-C; S3GD) (Bridges and Gladfelter, 2015; Field et
al., 2005; Maddox et al., 2007; Oegema et al., 2000; Straight et al., 20@5jound that this
anterior loalization of septin and anillin is dependent on the cortical PARgI(e 11A-C;
S3GD). That is, depletion of PAR or PAR2 led to a decrease in anterior enrichment and
increase in posterior enrichment of GFEptn and GFP::anillimuring metaphaseFigure
11A-C; S3GD). During furrow onset, septin and anillin remained polarized in control
embryos Figure S3E-F). In contrastPAR-6 or PAR2 depletion decreased the polarization
of septin and anillin and increased their levels at the contraatideboth at furrow onset
(Figure S3E-F) and during ring constriction (37% and 42% increaseeptin; 29% and 21%
increases in anillin, after PAR and PAR2 depletion, respectively)F{gure 11A, D-E).
Importantly, depletion of neither septmor anillin disrupted AP polarity (by PAR6 and
PAR-2 distibution), suggesting these proteins are downstream of the cortical FAgRse(
11F). Thus, the core cortical PARs are required for the asymmetric anterior localization of
both septin and anillinfigure 11G) and to restrict their accumulation at the contractile ring

during cytokinesis.
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Figure 11: PAR proteins are required to retain septin and anillin in the cell anterior
away from the contractile ring
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at metaphase and during cytokinesis, with and witheBt golarity. B) Schematic of A and P
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conditions, mear SD). D) Schematic of region and formula used for analysis shown in (E).
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enrichment of septin and anillinisPARe pendent , but not vanee vers
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Septin and anillin negatively regulatattin levels in the contractile ring

Since we found that the core cortical PARs modulaetih levels at the contractile
ring and are also required to spatially restrict septin and anillin, we need t@kether septin
and anillin also modulate -dctin and/or myoskil levels in the contractile ring.
Unexpectedly, RNAmMediated depletion of either septin or anillin led to increasactimn
levels in the contractile ring (20% and 19% respectiviéigure12A,B), suggesting that these
two proteins inhibit factin accumulation. As previously published, depletion of septin or
anillin led to a 24% increase or no change (respectively) in mybsavels in the ring
(Lewellyn et al., 2011; Maddox et al., 20qAigure12A,C). These results demonstrate that
PAR-6 and PAR2 have opposite effects on spindle length and mylbdimcalization but
similar effects on-factin, septin, and anillin levels in the contractile ring during cytokinesis.
These results further suggest that septin and anillin function as negative regulatacsirof f
accumulation at the contractile ring during cytwsis and their PAlRependent anterior

polar retention allows properactin accumulation at the ring during asymmetric cell division.

Depletion of septin and anillin suppresses cytokinesis failure in formin mutants with and
without the cortical PARs

We finally predicted that, if loss of cortical PAR proteins enhances cytokinesis failure
in formin mutants by increasing the levels of septin and anillin in the contractile ring, then
depletion of septin and/or anillin should rescue cytokinesis failureorimin(ts) mutants
lacking A-P polarity. Consistent with this prediction, we found that depletion of septin
completely rescued cytokinesis failureformin(ts);par6(RNAi)andformin(ts);par2(RNAI)

zygotes, even at senrgstrictive temperature whdormin(ts) mutants alone fail in cytokinesis

64



(Figure12D; S1A). These results suggest that the synthetic interaction between loss of formin

activity and loss of PAR proteins is dependent on septin. Thus, the major aonribf the

cortical PARs to cytokinesis may be to inhibit septin, since in the absence of septin the PARs

are dispensable. Indeed, depletion of septin or anillin rescues cytokinesis faituraingts)

mutants but not imyosinll(ts) mutants Figure 12E-F). While depletion of septin (but not

anillin) led to increased contractile ring constriction nmyosinll(ts) embryos at semi

restrictive temperature, cytokinesis ultimately failed in 100% of embiygsie 12F). This

is consistent with the increase in contractile ring mydisiavels observed following septin

(but not anillin) depletionKigure12C). Taken together, ouesults suggest a model in which

opposing cortical aPAR and pPAR proteins promote robust cytokinesis during asymmetric

cell division by mediating the localization of septin and antftirthe cell anteriorKigure

12G). Further experiments will be necessary to determine if this is a direct or indirect effect.
While we were initially surprised by the inhibitory role for anillin and septin during

cytokinesis, there is little consensus for a positive regulatory roléhése proteins in cell

division. Anillin homologs are not required for contractile ring assembly and constriction in

many systems, including budding yedliorden et al., 2006)fission yeast{Chang et al.,

1996) manyC. elegan<ell types(Maddox et al., 2007)some cells irDrosophila(Field et

al., 2005; O'Farrell and Kylsten, 200&ebrafish ganglion cell progenito(Raolini etal.,

2015) and even HelLa cells, in which loss of anillin causes cytokinesis failure in o/l§%5

of cells(Piekny and Glotzer, 2008; Straight et al., 2005he septins, originally identified in

the asymmetriglly dividing budding yeast, are required in that system for mathaghter

cell separation but not for actomyosin contractile ring constricfidioka et al., 2011)

Septins are also dispensable for most cytokinetic events in fission (Y¢ast al., 2010)
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worms (Maddox et al., 2007; Nguyen et al., 20089meDrosophilacell types(Field et al.,
2008) and in many human cell typ@glenon and Gaestel, 2015)n fact, ring constriction is
faster without the septins in some systé€besvellyn et al., 2011; Wioka et al., 2011Anillin
and septin have also both been implicated in regulating the asymmetry of contractile ring
constriction within the division plan@addox et al., 2007) This role is quite different than
the PARdependent asymmetry in daughter cell fate and size that we desecebeChe data
suggest that, at least in asymmetrically dividi@g elegansembryos, anillin and septin
function as negative regulators of contractile ring assembly and constriction, perhaps due to
their ability to crosdink f-actin and/or myoskhil and thus increase drag or filament severing,
or reduce filament turnover.

Two classic hallmarks of cancer progression are the loss of cell polarity and defects in
cytokinesis(Davoli and de Lange, 2011; Ganem et al., 2080&laoui and McCaffrey, 2015)
Here we demonstrate that during asymmetric cell division the PAR proteins actively promote
robust contractile ring constriction during cytokinesis. This regulation might help protect
against division errors and protecethdelity of critical asymmetric cell divisions, such as in
proliferating stem cells. Our work also suggests that the loss of cell polarity increases the
incidence of cytokinesis failure and thus could be a cause, rather than an effect, of cancer

developnent.
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Figure 12: Septin and anillin restrict contractile ring f-actin levels and negatively
regulate cytokinesis

A) Schematic of region and formula used for analysis shown in (B,C). B) Depletion of septin

and anillin increasd factin levels in the contractile ring, whereas C) only septin depletion
increased myosth | l evel s in the r i ngSD DPhepletionad | con
septin suppresses cytokinesis failure formin(ts) mutant embryos at semestrictive
temperature, even when-R polarity is simultaneously disruptedotrol(RNAi)n=9, cyk
1(ts);control(RNAI)n=11, par-6(RNAI);une59(RNAi)n=11, cyk 1(ts);par6(RNAI)n=3, cyk
1(ts);par6(RNAI);une59(RNAI) n=12, par-2(RNAI);une59(RNAI) n=10, cykl(ts);par
2(RNAI)n=4, cyk1(ts); par2(RNAi); une59(RNAi)n=12, meant SEM). E) Depletion of

septin and anillin suppresses cytokinesis failurefarmin(ts) mutant embryos at semi

restrictive temperature (n=10, all conditions, mea®EM). F) RNAimediated depteon of

neither anillin nor septin suppresses cytokinesis failurenyosinll(ts) mutant embryos at
semirestrictive temperature @8, all conditions, mear SEM). G) In our genetic model,

PAR proteins inhibit septin and anillin localization in the cactite ring by promoting their

anterior retention. This prevents septin and anillin from inhibitirectin and thereby
promotes robust c yt ok icykg=foim@;. nmy2=8igoairtllg ani-b a r , 1
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and myosinll fastacting ts mutants have tunable comsion defects, dependent on
temperature. B) Control embryos complete cytokinesis when upshifted tepsemissive
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A) Metaphase plate positn in RNARdepleted embryos was measured immediately prior to
anaphase onset by calculating the deviation in position of the metaphase plate from the cell
center (at Oum) towards the anterior (negative change) or posterior (positive change). B)
Daughter ell size asymmetry was measured immediately following contractile ring closure.
Asymmetric division is indicated by an increased difference in daughter cell length (when
AB>P1). C) Metaphase plate position for RNdepleted embryos. D) Daughter cell size
asymmetry for RNAidepleted embryos. E) Successful depletion of cytoplasmic polarity
regulators (PARL and PAR4) was determined by measuring the loss of the cell cycle delay
between anaphase onset in the AB blastomere and anaphase onset in the f&rblasto
control embryos, there is a significant delay between the two cell cycles; this difference is lost
upon disruption of cytoplasmic polarity. F) Difference in time between anaphase of AB and
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Figure S3: Cortical PAR proteins regulate cytokinesis and sequester septin and anillin
in the cell anterior.

A) Depletion of the aPARs CD@2, PAR3, and PKG3 results in an expansion of the
posterior PAR PAR2 into the entire cell cortex. B) RNAnediated depletion of cortical
aPAR proteins (CD&2, PAR3, or PKG3) leads to cytokinesis failure formin(ts)but not
myosinll(ts) mutant embryos at sempermissive temperature @8, all conditions, meae
SEM). C) Schematic of linescan taken for quantifications in (D) to measure reporter
localization. D) At metaphase, septin and anillin are enriched in the cell anterior in-a PAR
dependent manner ( n®3D).Meaa fromcomtrol(RNAI)i displaysd, me an
for reference. E) Schematic of linescan taken for quantifications in (F) to quantify reporter
localization. F) At furrow onset, septin and anillin are enriched in the cell anterior in a PAR
dependent ma rondigions, fhea® I0). Meaa frdmcomntrol(RNA)is displayed
forreferenceSc al e b ar s, cyklffamm nm}2omyBsinll.

7C



Strain Genotype
oDgs unc-119(ed3)* Itis38 [pAA1; pie-1/GFP::PH(PLC1deltat); unc-119 (+)Jlll; ItIs37 [pAA64; pie-1/m-

CHERRY::his-58; unc-119(+)]IV

JCC146 cyk-1(or596ts) unc-119(ed3)* Itis38 [pAA1; pie-1/GFP::PH(PLC1delta1); unc-119(+)Jlll; ItIs37
[PAA64; pie-1/mCHERRY::his-58; unc-119(+)JIV

Jce192 nmy-2(ne3409ts) dpy-5**I; unc-119(ed3)* itIs38 [pAA1; pie-1/GFP::PH(PLC1delta1); unc-119(+)]Jlii;
ItIs37 [pAAG4; pie-1/mCHERRY::his-58; unc-119(+)JIV

Jcca12 | m y-2(ne3409ts) dpy-5**1; cyk-1(or596ts) unc-119(ed3)* ItIs38 [pAA1; pie-1/GFP::PH(PLC1deltal);
unc-119(+)JIll; Itis37 [pAAG4, pie-1/mCHERRY::his-58; unc-119(+)JIV

JCC744 unc-119(ed3)*lll; ddls25 [GFP::F58B6.3;unc-119(+)]; ddIs26 [mCherry:: T26E3.3;unc-119(+)]; ItIs37
[PAA64; pie-1/mCHERRY::his-58; unc-119(+)JIV

Joc71g | mgSi3feb-unc-119(+); GFP:UTROPHIN]II; unc-119(ed3)*Il; itis37 [pAAG4; pie-1/mCHER-
RY::his-58; unc-119(+)JIV

Jocsa1 | unc-119(ed3)*Ill; itis37 [pAA64; pie-1/mCHERRY :his-58; unc-119 (+)] IV; zuls45[nmy-2::NMY-2::G-
FP; unc-119(+)]V

Jccssg | evk-1(0r596ts) unc-119(ed3)*lll; itls37 [pAAG4; pie-1/mCHERRY. his-58; unc-119(+)] IV; zuls45[n-
my-2::NMY-2::GFP; unc-119(+)]V

Jccans | unc-119(ed3)*lll; Itis37 [pAAG4; pie-1/mCHERRY::his-58; unc-119(+)] IV, Itls20 [pASM10; pie-1.GF-
P::unc-58; unc-119(+)]

OD159 | unc-119(ed3)*Ill; ItIs86 [pASM65; pie-1:ani-1(fl cDNA)::GFP; unc-119(+)]

*The unc-119(ed3) mutation was present in the parental strains but has not been directly sequenced in these
strains to determine if the unc-7119 gene is mutated.

**The exact dpy-5 allele is unknown but presumed to be e67, as published in (Carvalho et al. 2009. Cell.
137:936-37).

Table S1: Strain names and genotypes.

Strain names and genotypes used in this study

Plasmid Gene(s) Oligo 1 Oligo 2 Template [Cloning vector
pJC165 par-1 (H39E23.1) gegegACTAGTigetgatttiggatttteg gegegACTAGTgetgatectgeagtgattgat N2 cDNA | L4440 (empty vector)
pJC317 par-2 (F58B6.3) gegegACTAGTeggecgelictagaactagtat | gegegACTAGTiectgeagecegggggat N2 cDNA L4440
pJC166 pkc-3 (FO9ES.1) gegegACTAGTegteteegacateattagagg gegegACTAGTgatteggtctggaageaaga N2 cDNA L4440
pJC186 par-4 (Y59A8B.14) gegegACTAGTgggecgtcaaaattatgaaat | gegegACTAGTaggecttgateetetggg N2 cDNA L4440
pJC132 ani-1 (Y49E10.19) gegegACTAGTactccagtgcatittcacee gcgegACTAGTgacgatgatgatgatgtege N2 cDNA L4440
pJC43 par-3 (F54E7.3) Acquired from Ahringer library (Clone # I11-3A01)
pJC56 par-6 (T26E3.3) Acquired from Ahringer library (Clone # |-6M10)
pJC53 cdc-42 (RO7G3.1) Acquired from Ahringer library (Clone # II-5P13)
pJC55 unc-59 (W09C5.2) Acquired from Ahringer library (Clone # I-6N04)
pJC319 pi;-cz_ 5(5‘?5506 g'g);g)d gegegGAATTCeggeegetctagaactagtat | gegegGAAT TCtectgeagecegggggat pJC317 (par-2)]  pJC55 (unc-59)
pJC318 ps;-cs_ é;zfﬁggsagd gcgegGAAT TCgaaaaatccaaattttca gegegGAAT TCttaacgatttttgagetgt pJC56 (par-6) pJC55 (unc-59)

Table S2: Feeding RNAI constructs.

Plasmid names, targeted genes for RNAI experiments, oligos used to generate RNAI feeding
construct and DNA template used or Ahringer libréfgmath and Ahringer2003; Kamath

et al., 2003klone number, and cloning vectors used in this study.
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Results and Discussion not published in the paper
Opposing polarity domains may contribute to the fidelity of cytokinesis

As we found both the opposingaPAR and pPAR proteins (which overlap at the
division plang were requiredto protectagainstcytokinesisfailure in the formin(ts) mutang
we were also interestedto seeif the presence of opposing domaiteelf is a contributing
factorin cell division. To addresghis, we usedPAR5(RNAJ), which is responsiblgor the
exclusionof opposingpolarity proteinsandresultsin the entirecortexbeingoccupiedoby both
aPARsand pPARs (Morton et al., 2002) If the presenceof both aPARs and pPARs s
contributingto cytokinesis,thenuseof PAR5(RNA) in our sensitizednutantsshouldshow
rescueof ingression formin(ts); PAR5(RNA) embryosstill exhibitedlittle furrow ingression
andultimately 10 out of 10 embryosfailed in cytokinesis Figure 13A,C). Further myosin
l1(ts); PARS5(RNA) embryos showedenhancementwith 3/8 embryos failing to divide
compared to all embryos completing cytokinesimyosinll (ts) at SP(Figure13B-C).

Evenso, from this we cannotconcludethatthe overlapor opposingzoneof aPARand
pPAR proteinsis not an ingredientrequired for PAR-mediatedprotection of cytokinesis
becausd’?AR-5 is oneof two 14-3-3 proteinsin C. elegans which are proteins that regulate
many aspects of cell homeostagivistizabalCorrales et al., 2013)As aconsequencef 14-
3-3 loss capdependentranslation- normally suppresseduring mitosis is not inhibited and

cytokinesisfails, which we cannot rule out as a reason for why we see enhanced failure here
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Figure 13: Loss of PARS5 does not rescue cytokinesis failure in CR weakened ts strains

A, B) Kinetic analysisof contractilering constrictionin formin(ts) and myosin(ts)mutant1-
cell embryoswith andwithout PAR-5, dividing at semipermissivetemperature$18.3°C) (A)
and semipermissive(22.2C) (B) temperature Graphsshow the meanring diameterover
time, with all replicates for the in a moretransparenshadeof the samedark blue. Error bars
representhe SEM. C, D) Cytokinesisfailure andsuccessatesfor differentgenotypes
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Requirement for fAcoreodo cytodependertti ¢ proteins

Cytokinesisis not equalacrossall tissuetypessuchasin the liver and heartwhere
incompletecytokinesisoccursintentionally(Margall-Ducos et al., 2007)This propelledusto
studyhow differencesn cell fidentityo affect the ability of the cytokineticmachineryto drive
cell division. | wenton to studythe differential regulationof cytokinesisin the 4-to-8 cell C.
eleganembrya Usingconditiona) temperaturesensitive(ts) mutantsof the corecytokinetic
machinery (formin, myosinll) to selectively weaken specific proteins that function in
cytokinesisandbypasghefirst andsecondroundsof division, we havefoundthatcytokinesis
is differentially regulatedin the 4-to-8 cell embrya | also investigatedthe contibution of
PAR proteinsin thesemutants At the four-cell stagein the C. elegansembryq therearetwo
cells that undergoan asymmetricdivision (EMS and P2), and two cells that undergoa
symmetriccell division (ABa and ABp). At this stage eachdaugtier cell is programmedo
form a unique cell fate and lineage which are specifiedto form the hypodermis nervous
system pharynxandthe germline from their descendantéRiddle et al., 199) This cell fate
specificationis mediatedby conservedsignaling moleculesDeltalNotch, and Wnt/Frizzled
someof which alsocontrol the orientationof PAR proteins(Arata et al., 2010) The fatesof
the blastomeresistersare conditionalon their cell-contactswithin the embryq which alsogo
onto effectcell polarity.

To begin, | setout to find the pivot temperaturgthe temperatureat which | observe
equal cytokinesisfailure and completion for formin and myosinll mutants In the onecell
embryo at the restrictive temperature26°C, no contractilering constrictionis observedfor
myosintll or formin mutants(Davies et al., 2014put therewas no publisheddataon the

cytokineticphenotypef the mutantsweredisruptedat later cell divisions By upshiftingthe
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embryosfrom permissiveto a range of temperaturesl could determineif and how the
requirementor myosinl or formin variesbetweerthe differentcell types

To find the pivot temperature$ performedtime-lapseimageanalysisof cytokinesis
in the four-cell C. elegansembryq undercontrolRNA) or PAR knockdowncondiions at
temperaturesangingfrom approximatelyl*C-26°C using a device dubbed the Therminator
The Therminatoris a fluidic devicemadein the lab that is able to shift betweencold and
warmtemperatures ~ 17s. In doingso, it rapidly inactivategprotein function of temperature
sensitivemutantsduring live imaging of cells (Davies et al., 2014jThen |went on testif
PARs protectagainstcytokinesisfailure in a multicellular embryoin the sensitizedgenetic
mutants by searchingfor suppressorsor enhancersof cytokinesis Given the results of
polarityds role in cytokinesisin the onecell zygote | expectedhe EMS andP2 daughtercells
to be more protectedagainstcytokinesisfailure than ABa and ABp becausehey establish
opposingpolarity domainswhile thelatterarenon-polarized

PAR activity was disrupted using feeding RNAi against PAR-6 andor PAR-2
function (Figure 14). | found for formin the pivot temperatue of ABa would be between
20°PC and 22°C, given the failure phenotype(only 1/7 or 14.3% completeat 22 °C) (Figure
14C). The pivot temperaturéor ABp appeargo be higher, at around23°C where 4/9 (~44%)
of embrys complete cytokinesis. EMS and P2 exhibit a much higher pivot temperature than
ABa and ABp and more so even than the zydbavies et al., 2014 EMS may have less
requirement for formin than even P2 cells asfaiture is seen even at 25°C and some
embryos still complete even at 26UC (though
pivot temperature appears to be ~25°C with 5/8 (~63%) of embryos completing cytokinesis.

At 26 °C 3/4 embryos are still @alto complete cytokinesis but given the small number of
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embryos observed, a greater n would likely yield to the observance of more cytokinesis failure
at this temperature.

Upon knockdown of PAFS in theformin(ts) mutants, | observed some enhancement
of the failure phenotypen EMS and P2 cell¢Figure 14C). It is difficult to conclude the
effect of PAR6 R NA i on ABa and AB,buttherd does nogappearto t h e
be much enhancement. For the ABa aelthe formin(ts);par6(RNAI)condition, fewer cells
fail at 23 °C (6/7 or 86% complete cytokinesis) than infdinenin(ts)alone where 8/9 (~89%)
of embryos fail to divide at the same temperature. Begtinis is alreadya muchhigherpivot
point than observedat the 1-cell embryq where all embryosexhibit cytokinesisfailure at
23.9°C (and needless to say at the restrictive 26°C) whereas the EMS and P2 cell still show
embryos completing cytokinesis at 25°C and 26°C. Based on this limited daEm$AR-6
may have a protective role in cytokinesis for the EMS and P2 cell but not in the ABa or ABp
cell. It is also possible, that PARfunction may be slightly less advantageous for ABp given
that PAR6 knockdown causes more cells (5/7) to complete ayssks than informin(ts)
mutants alone (4/9) at the same temperature
draw any big conclusions).

In regards to the effect of PAR depletion it seems that ABp cells have a better
resistance than ABa cells a8 @ells fail to divide at 23 °C while 4/8 (50%) ABa cells fail at
this same temperatur@igure 14E). Surprisingly, only 4/7 (57%) of P2 cells completed
cytokinesis at 23 °C while all 7/7 (100%) of EMS cells didid€his may suggest that the P2
cell is more sensitive to the loss of posterior polarity proteins than the EMS cell.

The requirement for myosil, unlike for formin, appears to be equally necessary for

all 4 cell types. At 24°C, ABa divides successfulBg® of the time and ABp divides 68%
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while at 25°C all cells fail so 242Q4.5°C is likely the pivot poin{Figure 14A). This is
similar to what is observed in the C. elegans zy@oswvies et al., 2014)Jnexpectedly, EMS

and P2 show more sensitivity to loss of myosin than ABa and ABp, with 7/8 (~88%) failing to
divide at 24°C. Since all embryos complete cytokinesis at 22°C the pivot temperature is likely
around 23°C. It sees that myosin function is important for cytokinesis for all 4 cells, and
particularly so for the EMS and P2 eib divide.

Although double mutantsmyosinll(ts);par-6(RNAIi) were only observed at 3
temperatures, already an enhancement in the failuneopjpe is present given that all eell
types begin to show some failure at 22°C whereasyiasinll(ts) mutants alone generally
failure is only observed at 24°C and above (with the 1 anomaly of an ABa cell that fails at 20
°C) (Figure 14B). This suggests that perhaPA&R-6 continues to have a protective role in
cytokinesis even later in development.

In the anteriorblastomeredaughtercells ABa and ABp, the requirementfor formin
wassimilar asin the zygotewhile EMS and P2 display protectionagainstcytokinesisfailure
andneeda muchhigherupshiftin temperaturdeforethe cellsfail to divide. It is possible this
may have something to do with how these cells divide. One similarity between EMS and P2 is
they dvide asymmetrically, unlike ABa and ABp cells. Further, the position of EMS and P2
within their lineage may be another reason they are more robust at completing cytokinesis
even in the absence of formin, though this same reasoning would not apply fosghef |
myosin. ABa and ABp are downstream of their mother AB founder cell whereas EMS and P2
are upstream of their founder cells E, MS and P4. As such, these cells may afford more

protection to better guarantee chances for the formation of their fouriddeseendants.
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Figure 14: Requirement of myosinll and formin with and without PARs

A) Contro(RNAI);myosifl NM¥2(ts), B) PARG(RNAI);myosidINM¥2(ts) Q)
Contro(RNAI);formiffY¥(ts), D) PARG(RNAI);formirtY*(ts) E) PAR2(RNAI);formirtY*

Yts) mutant embryos were upshiftéal specific temperatures and the cytokinetic outcome of
each blastomere was scored. The percent of cells exhibiting each cytokinetic phenotype at the
indicated temperature is plotted for each cell type and genotype.

78



A major caveatis that knockdown of PAR proteinsvia RNAI precludespolarity
establishmentluring critical points of developmenthat could go on to define the essential
fate of thecell. If the fate of the cellss not conservedhenit is difficult to interpretmuchof
this dataandthe reasonfor the differential cytokinesisphenotypesWhile the differencesin
the requiremenfor myosinll andformin hasgoneon to be investigatedoy anothermember
of the lab, the effect of PARsin conjunctionwith loss of theseproteinscan still be probed
further. Somethingsthatwould haveto be accountedor againarethe fate of the cells There
are intrinsic regulatorymechanismesidespolarity and cell-cycle differencesthat can be
attributedto different fates For instance P1 cell descendantsherit P-granulesand CAR-1
(Pitt et al., 2000; Schisa et al., 2001; Strome and Wood, 1@8&ervingif thereare any
differencesin typical spindlealignmentin EMS and P2 where EMS typically divides along
the A-P axiswhile P2 dividesdorsalto ventralaxis may be one solution to examining if cell
identity is still presen{Evans et al., 1994; Priess and Thomson, 198Theseintrinsic fate
characteristicare not mantainedwhen PARs are depletedso early on with feedingRNAI,
anotheroption albeitmuchmoredifficult, would beto makeor look for temperatureensitive
PAR mutantswhosesemirestrictiverestrictive temperaturevould optimally be lessthanor
the sane asfor the other cytokinetic mutantsso PAR proteinscould be depletedat specific
stagesof interest Perhaps also, the difference in requirement is tethered to the fate of the
cellb s d e s suemtldadaertais cells that eventually become [X] haleglaer or lower
requirement for a given protein (explored more in Chapter 4).

Onething is certain the different cell-specificrequirementgor formin and myosinl|
points to the importanceof investigatingclassicallyrequired cytokinetic protein functions

beyondthe 1-cell stage
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Materials and Methods

Strain maintenance

Caenorhabditis elegansere maintained on standard NGM plates seeded with OP50
E. coli, as describe@Brenner, 1974) Strain names and genotypes used in this study can be
found in Table S1. Amy Maddox (University of North Carolina; Chapel Hill, NC, USA)
provided the strains OD159 [GFP::All] and OD26 [GFP::UN&&9], the latter of which was
crossed with a strain containing the histone marke3f[sAA64; pie I/ mCHERRY ::his58;
unc119 (+)] to generate JCC425. Michael Glotzer (University of Chicago; Chicago, IL,
USA) provided a strain containing theaétin markemgSi3[tbunc119(+) GFP::Utrophin],
which was crossed with a strain containing thastbne marker ItIs37[pAA64; pie

1/mCHERRY::his58; une119 (+)] to generate JCC719.

Temperature control

Control and temperatw®ensitive (ts) strains were maintained in an incubator
(Crittenden et al.)at permissve temperaturgd 1 6 . #00.C5 e C) , except JCC7/
JCC541, JCC425, and OD159, which were maintained at room temperature to prevent
silencing of fluorescent reporterd.ive imaging was performed in a room with homeostatic
temperature control, set to the desired terafure at least one hour prior to the experiment.
The temperature of the specimen was continuously monitored using three thermometers,
attached directly to the objective lens with a glue gun. Where denoted throughout the paper,
room temperatures were fmlows: formin(ts)semipermissive temperaturé @ . 5eC N 0. 5e
formin(ts) semirestrictive temperature2(3 . 5e C  Nmyd3inllEd €emipermissive

temperatured 2 . 0 e C  NnyoSinll@sp 8mirestrictive temperature2(5. 5eC N 0. 5e
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fully restrictive temperature2(6 . 5e C N 0. 5 endtor expebnuentsH{guge 8AT h e r
S1B,D), the room was maintained at floemin(ts) semipermissive temperaturd @ . 5e C N
0. 5@&vies etal., 2014)
Rapid temperature shsf

Rapid temperature shifts were performed using a cubtaihfluidic system called
the Therminato(Davies et al., 2014Bioptechs) with one water/isopropanol bath maintained
at per mi ssi ve txnpearE)a secend lfath Gt thee Warmissive
temper at uxCe. 5FEie88p CS1B) or restrictive temp
Figure S1D). A switch mechanisndetermines which water bath supplies liquid for the
chamber above the specimen. Forced heat convection from the flow chamber to the glass

barrier directly above the specimen chamber rapidly shifts the sample temperature.

Live-cell imaging

Younggravidler maphr odi tes wer e diBssnercl9®lEhdi n 16
mounted on a thin, 2% agar pad, as previously desc(Dades et al., 2014; Gonczy et al.,
1999) Embryos were filmed using a Yokagawa C8SWspinnng disc confocal with Borealis
(Spectral Applied Research) on a Nikon Ti inverted microscope with a 60x 1.4 N-A. oll
immersion PlanApochromat objective with 2x2 binning on a Hamamatsu-R2xcaCD
camera. During temperature shift experiments, a 20x 0.A5 d\My objective was used. -Z
sectioning was done with a Pieddven motorized stage (Applied Scientific Instrumentation)
and focus was maintained using Perfect Focus (Nikon) prior to eaeh&s acquisition. An
acousteoptic tunable filter was used &elect the excitation light of two 100mW lasers for

excitation at 491 and 561nm for eGFP and mCherry, respectively (Spectral Applied
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Research), and a filtevheel was used for emission wavelength selection (Sutter
Instruments). The system was controlbgdMetamorph software (Molecular Devices).

A central DIC image and a througlell fluorescent Zeries were collected every 30s
to measure contracti | e FigureSBC; Eigurel®dBnkiguel2D-7 x 2.
F; S1A; S3B) or every 60s f oIiFigufeBAe $1BID)paad or up
measurement of fluorescent reosraccumulation in the cell poles and contractile ring (11 x
2 . 5&¢ m FgureOD,Es; Figure10D-F; Figure 11B-E; Figure 12A-C; Figure S3C-F). 3 x

1.0em steps were acdgigureeSeCd at t he cell cortex

Image analysis

Metamorph and Image J softwaren used for all data analysidMetaphase plate
positions were measured 30s prior to anaphase ons&igime 8C, positions are shown
relative to the AP axis, with the anterior pole being 0% and the posteritg p00%. In
Figure S 2A,C, the distance between the posterior pole and the metaphase plate was
subtracted from the distance between the anterior pole and the metaphase plate. Positions
reflect displacementof teet aphase pl ate from the cell cen

Contractile ring diameter was measured at the cell equator from anaphase onset until,
in the case of cytokinesis completion, anaphase of the subsequent cell cycle, or, in the case of
cytokinesis failure, until t contractile ring had completely regressed and the next cell cycle
began in the aneuploid cell. The ring diameter was measured as the shortest distance between
the furrow tips, using a fluorescent marker targeted to the plasma membrane (PH::GFP,
pleckstin homology domainf{Audhya et al., 2003) For each time point, the Z plane at

which the ring diameter was widest was used for this measurement. Contractile ring diameter
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was plotted as a percentage of the ahitliameter (at metaphase) as a function of time.
Anaphase onset was determined using a fluorescent histone marker (mCherry::Histone2B,;
(Audhya et al., 200%)and was set as the first time point at which distemster chromatids
became visible.

Cortical localization of fluorescent marker&RP::anillifN!"l, GFP::septiHN®>%)
(Maddox et al., 2007yvas measured at metaphase (one frame prior to anaphase onset) and
furrow onset (one frame priroarnet of ufro romat, i o-n6
anaphase onset). A sum projection of 7 central planes was generated and the mean
fluorescence was measured along a linescan tracing the cortex from anterior to posterior pole.
The mean fluorescence was measured outside of tharaklsubtracted from the cortical
fluorescence. Values along the cortical linescan were then normalized to the line average for
that cell; that is, a homogeneous cortex would have a value of 1 at all poifiguriedD-E,
the mean fluorescence of the two polarity markers (mCh::BABhd GFP::PAR)
(Schonegg et al., 200Was measured similarly but are shown as a ratio of one to the other,
rather than being normalized the line average. Fluorescence values around polar bodies
were removed from linescans. Polarized accumulation of GFP:anifih! and
GFP::septiHN“®® (Figure 11B-C) was calculated at metaphase as a ratiohef mean
fluorescence in the anterior half over the posterior half of the embryo.

Accumulation of contractile ring marker§KEP::Utrophifi®®, myosiniI"MY-2::GFP,
GFP::septiN®®®, GFP::anillirf™'"1) (Burkel et al, 2007; Maddox et al., 2007; Munro et al.,
2004; Tse et al., 2012yas measured 180s after anaphase onset from a thcelighiseries
sum projection (11 planes, encompassing entire cell). The mean fluorescence was measured

i n a ?m®@dion that encongssed the contractile ring. The mean fluorescence of an
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equivalent background region was measured outside of the cell and subtracted from the mean
ring fluorescence. Intensities were then normalized to the contractile rc@ntybl(RNAI)
embryos imagedn the same day.

Daughter cell size asymmetry was measured at the time of contractile ring closure (0%
initial diameter) and is shown as a ratio of the AB (anterior daughter cell) length to the P1
(posterior daughter cell) length. Cell cycle asymmetrg maasured as the difference in time
from anaphase onset in AB to the time of anaphase onset isghtidle lengths were
measured 150s after anaphase onset, using transmitted light (differential interference contrast,
DIC) to visualize the spindle polesDistances were normalized to the spindle length of

controls at the same temperature.

RNAI

Exonic sequences from the desired gene were cloned into the multiple cloning site of
the L4440 vector using standard cloning techniques and then transformed it6 EHTcoli
using CadCl transformation, as describé@immons et al., 2001)RNAI primers and template
DNA for each gene are listed rable S 2 When available, RNAi constructs were obtained
directly from the Ahringer RNAI libraryKamath and Ahringer, 2003) For double RNAI
construcs (par-6; unc59 andpar-2; unc59), exonic sequences for eithgar-6 or par-2 were
cloned into the multiple cloning site of pJC55 (L4440 containimg-59), which was
linearized via EcoRlI digestion.

RNAI feeding bacteria were grown in Luria Broth with @igillin (100 pg/mL) for 8
16 hours at 32eC. 300 OL of this culture

(Brenner, 1974supplemented with 50pg/mL ampicillin and 1mM IPTG. These plates were
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all owed to dry a-#d&houysr blworamg werpl2ted Gn RNAI platés 4nd

then incubated at 16eC f or 7 2-mddiatedrksockgovn or t C
of PAR proteins was confirmed using four hallmarks of the loss of pol@agsinger and

Cowan, 2012)1) reduced spindle displacement at metaphase, 2) loss of daughter cell size
asymmetry following division, 3) high embryonic lethality, and 4) mislocalized fluorescent
reporters for the anterior (MCh::PA8} and posteor (GFP::PAR2) domains, and/or loss of

cell cycle asynchrony in the AB/P1 cell divisiofseeFigure S2).

Statistical Analysis
Unpaired twetailed ttests were conducted using Graphpad Prism software. *iedicat

p<0.05; **indicates p<0.005; ***indicates p<0.0005; and ****indicates p<0.0001.

ExperimentalProceduredor experiments not published in the paper

Temperatureontrol

myosirtll (ts); par-5(RNAJ) was imagedat its semipermissivetemperatureof 22.3°C
andformin(ts); par-5(RNAJ) waskeptat its semipermissiveaemperaturef 18.3C. A rangeof
temperaturesvereusedfor the formin(ts), myosinll (ts) with control, par-6, andpar-2 RNAI.
For myosinll(ts) 20°C-26°C was observed for all blastomeres at the-fellr stage. For
myosinll (ts);par-6(RNA) only 19°C, 21°C, and 22°C temperatures were filmed. For
formin(ts) and formin(ts);par6(RNAI) 19°G26°C (with the exception of no cells at 24°C)
were observedormin(ts);par2(RNAi)was imaged at 19°C, 20°C, 2386d 26°C.

PAR-5(M117.2.2)RNAi: pJC 132F: gcgc@ctagtaaaatgtccgataccgtgga

R: gcgc@ctagtagaaaaatggaagatggggg
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Chapter 3. CYK-4 regulatesRac, but not Rho, during cytokinesis
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Abstract

Cytokinesis is driven by constriction of an actomyosin contractile ring that is
controlledby Rhofamily small GTPasesRho, activatedby the GuaninenucleotideExchange
Factor (GEF ECT-2, is upstreamof both myosinll activation and diaphanousformin-
mediatedilamentousactin (f-actin) assemblywhich drive ring constriction Therole for Rac
and its regulatorsis more controversialbut, basedon the finding that Rac inactivation can
rescuecytokinesisfailure when the GTPaseActivating Protein (GAP) CYK-4 is disrupted
Racactivity wasproposedo beinhibitory to contractilering constrictionandthusspecifically
inactivated by CYK-4 at the division plane An alternative model proposesthat Rac
inactivationgenerallyrescuescytokinesisfailure by reducingcortical tension thusmakingit
easierfor the cell to divide when ring constrictionis compromised In this alternative
mode|] CYK-4 wasinsteadproposedo activateRho by binding ECT-2. Usinga combination
of time-lapsein vivosinglecell analysisandC. eleganggenetics our evidencedoes not
supportthis alternativemodel First, we found that Rac disruptiondoesnot generallyrescue
cytokinesisfailure: inhibition of Racspecificallyrescuesytokinesisfailure dueto disruption
of CYK-4 or ECT-2 but doesnot rescuecytokinesisfailure due to disruptionof two other
contractile ring componentsthe Rho effectors diaphanousformin or myosinll. Second
if CYK-4 regulatescytokinesisthrough Rho ratherthan Rag thenCYK-4 inhibition should
decreasdevelsof downstreantargetsof Rho. Inconsistentwith this, we found no changein
the levels of f-actin or myosintll at the division plane whenCYK-4 GAP activity was
reduced suggestinghat CYK-4 is not upstreamof ECT-2/Rho activation Instead we found

that the rescueof cytokinesisin CYK-4 mutantsby Rac inactivationwas Cdat2-dependent

88



Togetherour datasuggesthat CYK-4 GAP activity opposedRac(andperhapsCdaci2) during

cytokinesis

Introduction

Rho family small GTPase§Rho Rag and Cda42) function as molecularswitches
when GDP-bound they are inactive and when GTP-bound they interactwith cytoskeletal
effectorsto choreograplthe cell shapechangegequiredfor complexcellular eventssuchas
cell motility, phagocytosisand cytokinesis(Hall, 2012;Jordanand Canman2012; Mao and
Finnemann2015; Ridley, 2015) Cytokinesis the physicaldivision of one cell into two, is
drivenby constrictionof anactomyosincontractilering, directedto form at the division plane
after anaphasensetvia Rho family GTPasesignaling In mostanimal cells assemblyand
constrictionof the actomyosincontractilering is downstreamof Rho (Bement et al., 2005;
Kamijo et al., 2006; O'Connellet al., 1999) which is activatedat the division planeby the
GuaninenucleotideExchangeFactor(GEF) ECT-2 (epithelial cell transforming2), a human
oncogengD'Avino et al., 2015; Kamijo et al., 2006; Kimura et al., 2000; Tatsumotoet al.,
1999) Once activated Rho promotesboth filamentous actin (f-actin nucleationby a
diaphanougamily formin (CYK-1 in C. eleganshereafteformin) andnon-musclemyosinll
motor activation (NMY -2 in C. elegans hereaftermyosintll), which drive contractilering
assemblyand power ring constriction (for review see (D'Avino et al., 2015; Greenet al.,
2012; Pollard, 2010). Rho activaion during cytokinesisis opposedby the GTPase
Activating Protein (GAP) MP-GAP (RGA-3/4 in C. elegan$, which promotes Rhads

hydrolysisof GTPto GDP (Zaninetal.,2013)

89



The role(s) for the Rho family GTPaseRac and the Rac GAP CYK-4 during
cytokinesisis still underdebate CYK-4 (HsCYK4/MgcRacGAPIn humans RacGARQC in
flies, hereafterCYK-4) is essentialfor cytokinesisin nearlyall cell types(Goldsteinet al.,
2005; Hirose et al., 2001; JantschPlunger et al., 2000) forms a complex called
Centralspindlin with the kinesin MKLP-1/ZEN-4 (Mishima et al., 2002; Pavicic
Kaltenbrunneetal., 2007) andhasbeenproposedo both inhibit Racactivationandpromote
Rho activationat the division planevia its GAP domain(Bastoset al., 2012; Canmanret al.,
2008; Cannetet al., 2014; D'Avino et al., 2004; JantschPlungeret al., 2000; Loria et al.,
2012; Miller andBement,2009;ZhangandGlotzer,2015) In vitro, CYK-4 inactivatesRac
andCdd2 by promotingGTP hydrolysis but haslittle effecton the activity of Rho (Bastoset
al., 2012;JantsckhPlungeretal., 2000;Toureetal., 1998) In vivo, CYK-4 hasbeenproposed
to inhibit Racactivity (Bastoset al., 2012;Canmaret al., 2008; Cannetet al., 2014;D'Avino
etal., 2004;Yoshizakietal., 2004) promoteRho-GTPturnover(or flux) (Miller andBement,
2009) and promotethe activationof Rho by stimulatingthe GEF activity of ECT-2 during
cytokinesis(Loria et al., 2012; Tseet al., 2012; Zhangand Glotzer, 2015; Zhao and Fang,
2005b) Thus currently, thereis no consensuview on the mechanismsy which CYK-4
andor Racactivity regulatecytokinesis

To supportthe modelin which CYK-4 negativelyregulatesRacduring cytokinesisin
worms flies, and cultured humancells mutationaldisruption of the CYK-4 GAP domain
leadsto cytokinesisfailure that canbe rescuedoy reducingRacactivity (Bastoset al., 2012;
Canmaretal., 2008;Cannetetal., 2014;D'Avino etal.,2004) Cytokinesisfailurein CYK-4
GAP-domainmutantscanalsobe rescuedy depletionof the Arp2/3 complex a Raceffector

andbranched-actin nucleatorin wormsandculturedmammaliancells (Canmaret al., 2008;
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Cannetet al., 2014) Moreover in culturedmammaliancells, cytokinesisfailure causedoy
CYK-4 GAP disruptioncanbe rescuedy depletingRaceffectorsthat promotecell substrate
attachmensuchas PAK1 and ARHGEF/ (Bastoset al., 2012) and the upstreamRac GEF
Trio (Cannetet al., 2014) Thus CYK-4 GAP-mediatedinactivationof Racat the division
plane has beenproposedto function in parallelto Rho activationto allow contractilering
constrction andpromoteefficient cytokinesis

In contrast CYK-4 hasalsobeenproposedo function during cytokinesisthroughthe
promotionof Rhoactivationby facilitating GTP-turnover(flux) or by activatingthe Rho GEF
ECT-2 (Loria et al., 2012; Miller and Bement,2009; Tse et al., 2012; Zhangand Glotzer,
2015; Zhao and Fang,2005b) Although in vitro CYK-4 is not effective at promotingthe
GTP-turnoverof Rho (Bastoset al., 2012;JantschPlungeretal., 2000; Toureetal., 1998) in
vivo mutationsin the GAP domainhavea strongeffect on the width andstability of the zone
of active GTP-bound Rho at the division planein Xenopusembryos(Miller and Bement,
2009) This could be due to a direct effect on Rho activation or an indirect effect by
modulatingother Rho family membersthat competefor effectorsand upstreamregulators
such as GAPs GEFs and GDIs (e.g. (Boulter et al., 2010; GarciaMata et al., 2011,
Machaceket al., 2009; Tatsumotoet al., 1999). CYK-4 hasalsobeenproposedo promote
Rhoactivationby stimulatingthe Rho GEFECT-2 (ZhangandGlotzer,2015;ZhaoandFang,
2005b) This hypothesisvasbasedn the findingsthat CYK-4/MgcRacGAPcanbind ECT-2
(Burkardet al., 2009; Somersand Saint,2003; Wolfe et al., 2009; Yuce et al., 2005; Zhang
and Glotzer, 2015) and that mutational disruption of the CYK-4 GAP domain can be
suppressedy hyperactivatingmutationsin the ECT-2 GEF domain (Zhang and Glotzer,

2015) The samegroup also reportedthat CYK-4 disruption preventsthe enrichmentof f-
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actinandmyosinll atthedivision plane which would be expectedf CYK-4 activatesEECT-2
andthus Rho activity during cytokinesis(Loria et al., 2012) However other studiescould
not confirm that CYK-4 GAP disruptionleadsto decreasetkvelsof myosinll atthedivision
plane(Canmaret al., 2008; ZhangandGlotzer,2015) Moreover in vitro analysisfound no
changein ECT-2 GEF activity towardsRhoin the presencer absencef CYK-4 (Zhangand
Glotzer, 2015) althoughthis negativeresult cannotrule out that additionalfactorsmay be
needed Thus while CYK-4 hasbeenproposedo play an essentiarole in ECT-2 and Rho
activation muchof the evidencedor this modelis indirect
Furthermorein modelsthat supporta role for CYK-4 in Rho activationvia ECT-2

(Loria et al., 2012; Zhangand Glotzer, 2015) the finding that cytokinesisfailure resulting
from CYK-4 GAP disruptioncanbe rescuedby Racinactivationis attributedto a generalor

fbypas® role for Rac (Loria et al., 2012) in regulding cortical tension and opposing
contractilering constriction as was found in Dictyostelium(Zhang and Robinson,2005)

Supportfor this model relies on the finding that reducingRac activity could also rescue
cytokinesisfailure in a hypomorphicect2(ts) mutantbackgroundLoria etal., 2012) Yet, in

vitro ECT-2 GEF activity canactivateboth Rho and Rac(Tatsumoto et al., 1999)hus Rac
depletion might rescuecytokinesiswhen ECT-2 activity is weakenedby simply reducing
competition with Rho for the GEF domain Moreover Rac disruption does not rescue
cytokinesisfailure when Aurora B kinase activity is compromised which also regulates
contractilering constrigion in a pathwayparallelto CYK-4 during cytokinesis(Lewellyn et
al., 2011) Thus a generalrole for Racin opposingcontractilering constrictionin animal

cellsis notwell supported
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Therole for Cda42 in animal cell cytokinesisis alsocontroversial Cdc2 is essential
for polar body emissionduring meiotic cytokinesisin frog and murine embryos(Ma et al.,
2006; Wang et al., 2013; Zhang et al., 200Bpwever disruptionof Cdc42 doesnot block
mitotic cytokinesisin mostmetazoarsystemgGotta et al., 2001; Jordan et al., 2016; Zhu et
al., 2011b) Injection of constitutivelyactive or dominantnegativeforms of Cda42 at very
high levels(uM rangg candisruptmitotic cytokinesisin frog embryos(Drechsel et al.1997)
and expressiorof constitutivelyactive Cda2 in dividing mammalianculturedcells leadsto
the assemblyof a broadercontractilering but doesnot block cytokinesis(Zhu et al., 2011b)
In asymmetricallydividing C. elegansembryos Cdc42 regulatescell polarity andis required
for robustcontractilering f-actin assembly and its depletionleadsto syntheticcytokinesis
failure in embryosfrom a temperaturesensitivediaphanouselatedformin mutant(Jordan et
al.,, 2016) Hence CdcA2 likely participatesn animalcell cytokinesisbut is not an essential
player

Herewe examinethe rolesof Racandthe GAP CYK-4 in cytokinesisin the early C.
elegansembrya We found that as was shown previously Rac inactivation rescued
cytokinesisfailure in a CYK-4 GAP mutantandto a lesserextentin a hypomorphicECT-2
mutant Racdisruptiondid not rescuethe rate of contractilering constrictionin CYK-4 or
ECT-2 mutants andwe found Racdisruptionmediatedrescueof cytokinesisfailure in CYK-
4 mutantswas dependenbn Cda42. We did not find evidencethat Rac activity generally
opposegontractilering constriction asRacinactivationdid not rescuethe rateof cytokinesis
failure in embryoswith mutationsin the Rho effectors diaphanousformin or the motor
myosinll. Furthermorewe foundthatdisruptingCYK-4 activity did not leadto a reduction

in the total levelsof contractilering f-actinor myosintl at the division plane indicatingthat
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CYK-4 is unlikely to actupstreanof ECT-2-mediatedactivationof Rho. Insteadwe propose
that atleastin the early C. elegansembryq ECT-2 activity may promoteRacactivation and
thusin part negativelyregulatecytokiness. Together our datasupportsa modelin which
CYK-4 functionsto inhibit Rac activity (and potentially Cdc42) and doesnot participate
directly in Rho activation our dataalsodo not suggest non-specificor bypassrole for Rac

in opposingcontractie ring constriction

Results

We first soughtto confirm that cytokinesisfailure dueto mutationaldisruptionof the
CYK-4 GAP domaincould be rescuedby reducingRac activity. To do this, we performed
time-lapseimage analysisof cytokinesisin the 1-cell C. elegansembryq with and without
Racdisruption in a temperaturesensitiveCYK-4 GAP-domainmutant(E448K) background
(Canmanet al., 2008) hereaftercyk4(ts). Imaging was done at the semirestrictive
temperature(24°C) where contractilering ingressionprogressegurther in cyk4(ts) mutant
embryosthan at fully restrictivetemperaturgbut cytokinesisfails 100% of the time in the
cyk4(ts) mutantalone(Figure 15A andB). Racactivity wasdisruptedin two ways 1) with
feedingRNAI and?2) with a lossof-function (lof) RadCED-10 GTPasemutant(G60R; ced
10(n3246),hereafteRaqG60R) (Cabelloet al., 2014; ReddienandHorvitz, 2000; Sunetal.,
2012) that basedon an identical GGOR mutationin the closely relatedKRas rendersthe
small GTPasestuckin the GTP-boundstatebut unableto interactwith effectors GAPS or
GEFs(Gremeretal., 2011) As expected100% of control contro(RNAJ), RaqRNAIJ), and
RaqG60R) single mutantembryossuccessfullycompletedcytokinesis(16/16,10/10,12/12,

and 12/12 embryos divide respectively, whereas 100% of cyk4(ts) and cyk4(ts);
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control(RNA) embryosfailed in cytokinesisat this temperature(0/12 and 0/12 embryos
divide respectively Figure 15A and B). In contrast cytokinesiswas significantly rescued
(Fishes and Barnards exacttests p-valuesin Table S5) in cyk4(ts);RaqRNA) and cyk
4(ts);RaqdG60R) double mutantembryos(8/10 embryosdivide for both genotypes Figure
15A andB). To testif this rescuas conservedn othercell divisions we alsoinvestigatedf
Racdisruptioncould rescuecytokinesisfailure in the AB and P1 blastomere®f 2-cell cyk
4(ts) embryos(Figure S4C). We foundthatboth AB andP1 blastomeregail cytokinesisin
cyk4(ts) 2-cell embryosat alower ratethanin 1-cell embryos(4/19 AB cellsand12/200f P1
cells divide at semirestrictivetemperature25.9C in this cas¢ (Figure S4C). Nonetheless
cytokinesisfailure was significartly rescued(Fishets and Barnards exacttests p-valuesin
Table S5) in bothblastomeresf cyk4(ts); RadG60R) doublemutant2-cell embryos(12/14
AB cellsand16/16P1 cellsdivide successfully (Figure S4C). Thus Racinhibition rescues
cytokinesisfailure dueto mutationaldisruptionof the CYK-4 GAP-domainin both 1-cell and
2-cell C. elegansembryos This result supportsa model in which CYK-4 GAP activity
inhibits Rac activationduring cytokinesis but doesnot rule out the possibility that Racis a

generalnhibitor of contractilering constriction(Figure15D).
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Figure 15: Racdisruption rescuescytokinesisfailure in a CYK -4 GAP mutant

A) Kinetic analysisof contractilering constrictionin control and cyk4(ts) mutant 1-cell
embryosat semirestrictive temperaturg(24°C) with and without Radlof/G60R) (left) and
RadqRNA)) (Calvertetal.). Graphsshowthe meanring diameterovertime, with all replicates
for the cyk-4(ts); RaqG60R or RNAJ) shownin the backgroundn a moretransparenshadeof
the sameorange Error barsrepresenthe SEM. B) Cytokinesisfailure and successatesfor
The number of embryosper genotypeis indicated on each
individual bar, p-valueswereobtainedby both Fishets and Barnards exacttests(Table S 5).
C) Average peak rate of contractilering constriction plotted as the changein diameter
(um/se¢ seeMethodssecton onimageanalysig. Error barsrepresenthe SD; p-valueswere
obtainedby an unpaired two-tailed studends t-test (Table S 5). D) Currentgeneticmodels
for thefunctionof CYK-4 andRacduringcytokinesis.
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We next soughtto determineif Rac disrugion can also rescuethe slowed rate of
contractilering constrictionobservedn 1-cell cyk-4(ts) embryos Racdisruptionby RNAI or
the G60R mutation either did not significantly changeor only mildly increasedhe rate of
contractilering constrictionin both control and cyk4(ts) embryos(Figure 15C; unpaired
studends t-test p-valuesin Table S %. Thus Racdisruptionrescueghe extentof contractile
ring constrictionbut overall doesnot significantly rescuethe rate of ring constrictionin cyk
4(ts) mutants(Table S 5 ; seealso (Loria et al., 2012). This result suggestghat CYK-4
(andor Rag could play an independentrole in regulating the rate of ring constriction
potentially by further activating ECT-2 (and thus Rho) at the division plane as has been
proposedn this system(Figure15D) (Tseetal., 2012;ZhangandGlotzer,2015) Thisresult
could also supporta modelin which Rac disruptionrescuescytokinesisin cyk-4(ts) mutant
embryosvia a nonspecificor fibypase pathway(e.g. (Loria etal., 2012; Zhangand Glotzer,
2015).

The main argumentproposedagainstRac as a specifictarget of CYK-4 is two-fold:
first, that Rac is a generalinhibitor of ring constriction and its depletion might norn
specificallyrescuecytokinesisfailure; andsecondthat CYK-4's true targetis ECT-2. In the
first partof theargumentRacdisruptionhasbeenproposedo allow successfutytokinesisin
cyk4(ts) embryosvia a fibypas® mechanismthat generallyreducescortical tension and
makesit easierto completecytokinesiswhenthe contractilering is weakenedLoria et al.,
2012)(Figure15D). We setout to resolveif Racdisruptioncangenerallyrescuecytokinesis
failure whenring constrictionis weakenedby combiningRaqRNAIJ) or Raqlof) with other
mutants in the ECT-2/Rho pathway that would also compromisethe integity of the

contractilering. If disrupting Rac generallyfacilitates contractile ring constriction then
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Radlof) should rescue cytokinesis failure when downstreamtargets of ECT-2/Rho are
disruptedto weakenthe contractilering. Thus we nexttestedif Racdisruptioncould rescue
cytokinesisfailure in a fastacting ts mutantthat affectsthe C. elegansdiaphanouselated
formin actinnucleatorCYK-1 (hereafterformin(ts)), which is requiredto nucleatef-actin in
the contractilering and is activateddownstreamof Rho (Davies et al., 2014; Jordan and
Canman, 2012; Jordan et al., 20XB)gure 15D). For this experiment formin(ts) 1-cell
embryos were imaged at the semirestrictive temperature(23.2C), at which formin(ts)
mutantsalonecanundergopartial contractilering constrictionbut fail in cytokinesis100%of
thetime (0/11 embryosdivide; Figure 16A andC) (Jordan et al., 2016)Importantly at this
semtrestrictivetemperaturecytokinesisfailure in formin(ts) embryoscanbefully rescuedy
depletionof othernegativeregulatorsof contractilering constriction(e.g. septin(Jordan et al.,
2016). We found that at this temperatureformin(ts); RaqG60R) mutantsstill failed in
cytokinesis100%of the time (0/10 embryosdivide) andunderwentevenlesscontractilering
constrictionthanin the formin(ts) mutantalone(Figure16A andC). This resultsuggestshat
disruptingRac activity doesnot significantly rescuecytokinesisfailure in formin(ts) mutant
embryos(Fishes and Barnards exacttess, p-valuesin Table S . We next examined
whetherRac disruption could enhancethe rate of cytokinesisfailure in formin(ts) mutant
embryosat the semipermissiveemperaturg18.3C), at which all formin(ts) mutantembryos
successfullycompletecytokinesis (13/13 embryosdivide; Figure 16B andD) (Jordan et al.,
2016) At semipermissivetemperature formin(ts); RaqdG60R) embryos exhibited mild
cytokinesis failure (10/12 embryos divide; Figure 16B and D), though this was not
statisticallysignificant(Fishefs andBarnards exacttests p-valuesin Table S . Therateof

contractilering constrictionwas significantly slower in formin(ts) mutantembryosthan in
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control embryosat both semirestrictiveand semipermissivetemperaturesbut this rate was
not affectedby the RaqG60R) mutation(Figure 16E andF; unpairedstudends test Tabde S
5). Thus perturbingRacactivity doesnot rescuecytokinesisfailure whenthe contractilering

is weakenedy reducedormin/CYK-1 activity.
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Figure 16: Racdisruption doesnot rescuecytokinesisfailure in formin (ts) embryos

A, B) Kinetic analysisof contractilering constrictionin control andformin(ts) mutant1-cell

embryoswith and without RaqG60R), dividing at semirestrictive (23.2C) (A) and semi

permissivg(18.2C) (B) temperature Graphsshowthe meanring diameterovertime, with all

replicatesfor the formin(ts);RaqG60R) double mutantin a more transparenshadeof the
samedark blue Error barsrepresenthe SEM. The aquaarrow in (A) showsthe more
persistentittemptat contractilering constrictionseenin formin(ts) singlemutantembryosbut

notin formin(ts);RaqG60R) doublemutantembryos AO=anaphasenset C, D) Cytokinesis
failure and succesgatesfor different genotypesat semtrestrictive (C) and semipermissive
(D) temperature The numberof embryospergenotypds indicatedon eachindividual bar, p-

valueswere obtainedby both Fisheits and Barnards exacttests(TableS 5). E, F) Average
peakrateof contractilering constriction plottedasthe changan diameter(um/seq whenthe

rateof ingressiormpeaksfrom ~90-50%ring constriction(or the point of maximumcontractile
ring constrictionwhenembryosdid not constrictto 50% of theinitial cell diamete) at semi

restrictive (E) and semipermissive(F) temperature Error barsrepresenthe SD; p-values
were obtained by an unpaired two-tailed studends t-test (Table S 5). n.s.=p(0.05;

*rrk= p<0.0001.
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