Cortical PAR polarity proteins promote robust
cytokinesis during asymmetric cell division
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Cytokinesis, the physical division of one cell into two, is thought to be fundamentally similar in most animal cell divisions
and driven by the constriction of a contractile ring positioned and controlled solely by the mitotic spindle. During asym-
metric cell divisions, the core polarity machinery (partitioning defective [PAR] proteins) controls the unequal inheritance
of key cell fate determinants. Here, we show that in asymmetrically dividing Caenorhabditis elegans embryos, the
cortical PAR proteins (including the small guanosine triphosphatase CDC-42) have an active role in regulating recruit-
ment of a critical component of the contractile ring, filamentous actin (F-actin). We found that the cortical PAR proteins
are required for the retention of anillin and septin in the anterior pole, which are cytokinesis proteins that our genetic
data suggest act as inhibitors of F-actin at the contractile ring. Collectively, our results suggest that the cortical PAR pro-
teins coordinate the establishment of cell polarity with the physical process of cytokinesis during asymmetric cell division
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to ensure 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 fail-
ures can have significant consequences, including miscarriage,
neurological dysfunction, immunological defects, and cancer
(Lacroix and Maddox, 2012; Tormos et al., 2015). Cytokinesis
is driven by the constriction of a contractile ring composed of
formin-nucleated F-actin and the motor myosin-II, which is pri-
marily positioned and controlled by the mitotic spindle (Green
et al., 2012). Divisions in which the daughter cells inherit equal
cytoplasmic and cortical components, and thus the same cell
fate and size, are referred to as symmetric. In contrast, many
cell divisions during embryogenesis and in adult stem cells are
asymmetric, resulting in daughter cells with different cell fates
and/or cell sizes (Williams and Fuchs, 2013). In metazoans,
asymmetric cell division requires G protein—coupled receptors
and the partitioning defective (PAR) proteins. The PAR proteins
are a conserved set of proteins that segregate to opposing poles
of the cell during asymmetric cell division and control the un-
equal inheritance of cytoplasmic and cortical factors (Macara,
2004; Suzuki and Ohno, 2006; Motegi and Seydoux, 2013).
The Caenorhabditis elegans single-cell zygote has been
a seminal system for understanding the molecular regulation
of anterior-posterior (A-P) cell polarity and the PAR proteins
(Kemphues et al., 1988). In this system, opposing cortical ante-
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rior and posterior PAR (aPAR and pPAR, respectively) domains
are formed via two genetically and temporally distinct phases:
polarity establishment and polarity maintenance (Cuenca et al.,
2003). During polarity establishment, the core cortical aPAR
proteins (including the scaffolding proteins PAR-3 and PAR-6,
the atypical protein kinase PKC-3, and the small GTPase CDC-
42) and the core pPAR PAR-2 (a RING finger— and nucleoside
triphosphatase—containing protein) are targeted to opposite
sides of the cell via anteriorly directed actomyosin-based cor-
tical flows (Hird and White, 1993; Cheeks et al., 2004; Munro
et al., 2004). During polarity maintenance, the aPAR proteins
and pPAR proteins remain on opposing sides of the cell cor-
tex forming a distinct A-P boundary near the cell equator via
mutual inhibition (for extensive reviews of PAR proteins,
see Hoege and Hyman, 2013; Motegi and Seydoux, 2013;
Rose and Gonczy, 2014).

A role for the cortical PAR proteins in cytokinesis was
previously thought to be indirect by controlling spindle length
and position (Dechant and Glotzer, 2003). However, emerging
evidence suggests that cell polarity has a more active role in cy-
tokinesis, though the underlying molecular mechanisms remain
elusive. Perturbations in asymmetrically dividing Drosophila
melanogaster neuroblasts revealed that spindle-independent
contractile rings can form in association with a G protein—cou-
pled receptor—promoted polarized cap of myosin-II (Caber-
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Polarity establishment supports robust cytokinesis. (A) Experimental protocol and rapid temperature upshift results. Each symbol (star or circle)

represents a single embryo plotted at the time of upshift. (B) Schematic of cortical PAR protein localization during asymmetric cell division. (C) The meta-
phase plate (arrowhead) in myosin-ll{ts);formin(ts) embryos that complete cytokinesis (n = 21) is positioned more asymmetrically than in those that fail (n =
14; mean + SD). **, P < 0.005. Bar, 10 pm. cyk-1 = formin; nmy-2 = myosin-Il.

nard et al., 2010). In C. elegans, depletion of PAR-2 enhances
contractile ring constriction defects caused by compromised
spindle signaling (Dechant and Glotzer, 2003; Verbrugghe and
White, 2007). Moreover, both the aPAR and pPAR proteins
“track” with the contractile ring during cytokinesis (Schenk et
al., 2010; Pittman and Skop, 2012).

Here, we show that in the asymmetrically dividing C. el-
egans zygote, cortical A-P polarity protects the cell against
cytokinesis failure in the presence of a weakened actomyosin
contractile ring. We demonstrate that both the core cortical
aPAR (including CDC-42) and pPAR proteins are required for
proper F-actin levels at the contractile ring and restrict the lo-
calization of two actomyosin-binding and cross-linking proteins,
anillin®N"! and septinV™. We found that anillin and septin
have unexpected inhibitory roles in F-actin accumulation at the
contractile ring. Thus, we present a model in which cortical PAR
proteins protect cytokinesis during asymmetric cell division in-
dependent of mitotic spindle length by promoting the anterior re-
tention of anillin and septin away from the contractile ring, thus
allowing for robust F-actin accumulation and ring constriction.

Results and discussion

A synergistic interaction between formin
and myosin-ll mutants during polarity
establishment leads to cytokinesis failure
The F-actin nucleator diaphanous-like formin®Y¥! (hereafter
formin) and the motor myosin-II"MY-2 (hereafter myosin-II) are
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known to be critical for cytokinesis (Fig. S1 A; Swan et al., 1998;
Shelton et al., 1999; Severson et al., 2002). Using fast-acting
temperature-sensitive (ts) mutants with point mutations in the
formin dimerization (FH2) domain, required for actin polym-
erization, and in the myosin-II neck (S2) domain, required for
dimerization and head coupling (Liu et al., 2010; Davies et al.,
2014), we found that formin and myosin-II are synergistic. At
semipermissive temperatures, where the proteins are perturbed
but functional enough to allow cytokinesis (Fig. S1 A), 100%
of myosin-1I(ts) and formin(ts) single mutant embryos divided
successfully, whereas ~40% of myosin-11(ts);formin(ts) double
mutant embryos failed to divide, suggesting a synthetic cytoki-
nesis defect (14/35 embryos; Figs. 1 A and S1 B).

To identify the time of requirement for this synthetic inter-
action, we used a fluidic device (Davies et al., 2014) to rapidly
upshift (<20 s) myosin-1I(ts);formin(ts) double mutant embryos
to this semipermissive temperature at precise time points during
cell division. Unexpectedly, we found that this synthetic inter-
action and cytokinesis failure occur only when myosin-II and
formin are both disrupted well before cytokinesis, during estab-
lishment and maintenance of A-P polarity (Fig. 1 A). Upshift
during polarity establishment caused cytokinesis failure in all
myosin-1I(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 po-
larity 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.


http://www.jcb.org/cgi/content/full/jcb.201510063/DC1

Polarity establishment is dependent on myosin-II but in-
dependent of formin activity (Fig. S1 C; Cuenca et al., 2003;
Munro et al., 2004; Velarde et al., 2007; Liu et al., 2010). Thus,
we hypothesized that synthetic cytokinesis failure is caused by
myosin-II function as a polarity protein, synergizing with an
independent formin function. Consistent with this hypothesis,
we found that the myosin-1l(ts);formin(ts) double mutant em-
bryos that failed in cytokinesis were also less polarized, with
more centrally located metaphase plates relative to those that
succeeded in cytokinesis (Fig. 1 C). It is unlikely that this early
interaction represents a delay in functional inhibition, as both
ts mutants are very fast acting and show a full loss of function
phenotype within seconds upon upshift to restrictive tempera-
ture (Davies et al., 2014). Furthermore, cytokinesis completed
successfully when embryos were upshifted to restrictive tem-
perature during polarity establishment then downshifted to
permissive temperature before anaphase onset (Fig. S1 D).
Collectively, these results suggest that establishment of A-P
polarity (very early in the cell cycle, before nuclear envelope
breakdown) is required for efficient contractile ring constriction
during cytokinesis, a significantly later cell cycle event.

Core cortical PAR proteins are required

for cytokinesis when formin activity

is weakened

Establishment of A-P polarity requires both core cortical aPAR
and pPAR proteins (Figs. 1 B and 2 A). Myosin-II itself is a cor-
tical aPAR, required for polarity establishment and maintenance
and localizing to the anterior cortex (Guo and Kemphues, 1996;
Cuenca et al., 2003; Liu et al., 2010). To directly test a role
for A-P polarity in cytokinesis, we RNAIi depleted five different
cortical PAR proteins in either formin(ts) or myosin-Il(ts) mu-
tants to assess these synthetic interactions for cytokinesis func-
tion. Depletion of the aPAR proteins (PAR-6, PAR-3, PKC-3,
or CDC-42) or pPAR (PAR-2) caused cytokinesis failure in
Sformin(ts) embryos at semipermissive temperature, with little to
no contractile ring constriction (Figs. 2 B and S3 B). In contrast,
PAR depletion slowed but did not block cytokinesis in myo-
sin-II(ts) embryos at semipermissive temperature (Figs. 2 C and
S3 B). Depletion of each PAR alone, in the absence of another
mutation, did not cause cytokinesis failure (Fig. 2, B and C; and
Fig. S3 B), consistent with a synthetic effect. Successful PAR
depletion was confirmed by four hallmarks of loss of polarity
(see Materials and methods sections RNAi and Image analysis;
Fig. 2 A; Fig. S2, A-D; and Fig. S3 A). These data suggest that
myosin-II and the core cortical PAR proteins act together during
A-P polarity establishment to regulate cytokinesis synergisti-
cally with formin. That is, the cortical PAR and formin path-
ways each contribute to cytokinesis, and weakening either one
alone is not sufficient to cause cytokinesis failure, but weaken-
ing both pathways prevents cytokinesis.

Why are both aPAR proteins and pPAR proteins required
for robust cytokinesis when formin activity is weakened? One
possibility is that cytokinesis in asymmetrically dividing cells re-
quires opposing cortical PAR domains or the A-P polarity bound-
ary, maintained by mutual aPAR and pPAR exclusion. If so, the
A-P polarity boundary might act as a special site that facilitates
contractile ring assembly and constriction. Indeed, we found that
furrow initiation occurred near the A-P polarity boundary (where
PAR-6 levels are decreasing and PAR-2 levels begin to increase),
suggesting a possible association between the A-P boundary and
the initial site of contractile ring assembly (Fig. 2, D and E).

Cytoplasmic polarity and spindle length

are not key regulators of cytokinesis when
formin activity is compromised

To identify factors downstream of the core cortical PAR pro-
teins during cytokinesis, we first examined PAR-1 and PAR-4,
which mediate the asymmetric inheritance of key cytoplasmic
components (e.g., RNA granules) and differential daughter cell
cycle timing (Fig. S2, E and F) but are dispensable for cortical
A-P polarity in the one-cell embryo (Fig. 3 A). PAR-1 localizes
to the posterior cell cortex (Boyd et al., 1996); PAR-4 local-
izes uniformly on the cortex (Watts et al., 2000) and has been
shown to regulate myosin-II during cytokinesis (Chartier et al.,
2011; Pacquelet et al., 2015). We found that depletion of either
PAR-1 or PAR-4, alone or in combination with the formin(ts)
or myosin-II(ts) mutation, did not affect cytokinesis (Fig. 3 B),
suggesting that this role in cytokinesis is specific to the core
cortical PAR proteins.

It was previously suggested that cortical PAR proteins in-
directly regulate cytokinesis by increasing spindle length and
astral separation (Dechant and Glotzer, 2003; Lewellyn et al.,
2010). We did not find any correlation between reduced spindle
length and the success or failure of cytokinesis after cortical
PAR depletion (Fig. 3 C). Although PAR-2 depletion decreased
spindle length and caused cytokinesis failure in formin(ts) mu-
tants, PAR-6 depletion increased spindle length and also caused
cytokinesis failure (Fig. 3 C). Similarly, although PAR-2 de-
pletion in myosin-II(ts) mutants led to very short spindles, cy-
tokinesis did not fail with either PAR-2 or PAR-6 depletion in
this mutant (Fig. 3 C). Thus, the effects of core cortical PAR
proteins on cytokinesis in this system are not caused by down-
stream effects on cytoplasmic factors or reduced spindle length.

The core cortical PAR proteins are
required for normal F-actin accumulation in
the contractile ring

Because the myosin-II-cortical 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 regulate F-actin levels
in the contractile ring, using GFP-tagged reporters to monitor
F-actin and myosin-II (Fig. 3 D). Depletion of either PAR-6
or PAR-2 alone led to a 30% and 27% reduction, respectively,
in F-actin levels at the contractile ring (Fig. 3 E), consistent
with their synthetic cytokinesis failure phenotypes. Effects on
myosin-II levels were inconsistent between PAR-6 and PAR-2,
as depletion of PAR-6 led to a 31% decrease and PAR-2 led
to a 48% increase in myosin-II levels in the contractile ring
(Fig. 3 F), as expected from their opposing effects on global
cortical myosin-II levels (Munro et al., 2004). These data sug-
gest that both the cortical aPAR and pPAR proteins promote
normal F-actin levels at the contractile ring in asymmetrically
dividing cells and that this function is synthetic with compro-
mised formin activity during cytokinesis.

The cortical PAR proteins mediate the
anterior retention of anillin and septin

and restrict their targeting to the
contractile ring

How do the PAR proteins regulate F-actin levels at the con-
tractile ring? The anterior of the early embryo is enriched for
several actomyosin-binding and regulatory proteins (Munro et
al., 2004). Starting from a list of genes that genetically interact
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with the cortical PAR proteins (Fievet et al., 2013), we next
identified asymmetric (anterior) enrichment of two actomy-
osin-binding and cross-linking proteins implicated in cytoki-
nesis: septin!N&° (hereafter septin) and anillin®N"! (hereafter
anillin; Fig. 4 A-C; and Fig. S3, C and D; Oegema et al., 2000;
Field et al., 2005; Straight et al., 2005; Maddox et al., 2007;
Bridges and Gladfelter, 2015). We found that this anterior lo-
calization of septin and anillin is dependent on the cortical PAR
proteins (Fig. 4, A—C; and Fig. S3, C and D). That is, depletion
of PAR-6 or PAR-2 led to a decrease in anterior enrichment
and increase in posterior enrichment of GFP::septin and GFP
::anillin during metaphase (Fig. 4, A-C; and Fig. S3, C and
D). During furrow onset, septin and anillin remained polarized
in control embryos (Fig. S3, E and F). In contrast, PAR-6 or
PAR-2 depletion decreased the polarization of septin and anillin
and increased their levels at the contractile ring both at furrow
onset (Fig. S3, E and F) and during ring constriction (37% and
42% increases in septin and 29% and 21% increases in anil-
lin after PAR-6 and PAR-2 depletion, respectively; Fig. 4, A,
D, and E). Importantly, depletion of neither septin nor anillin
disrupted A-P polarity (by PAR-6 and PAR-2 distribution), sug-
gesting that these proteins are downstream of the cortical PAR
proteins (Fig. 4 F). Thus, the core cortical PAR proteins are re-
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quired for the asymmetric anterior localization of both septin
and anillin (Fig. 4 G) and to restrict their accumulation at the
contractile ring during cytokinesis.

Septin and anillin negatively regulate
F-actin levels in the contractile ring

Because we found that the core cortical PAR proteins modu-
late F-actin levels at the contractile ring and are also required
to spatially restrict septin and anillin, we next tested whether
septin and anillin also modulate F-actin and/or myosin-II levels
in the contractile ring. Unexpectedly, RNAi-mediated deple-
tion of either septin or anillin led to increased F-actin levels
in the contractile ring (20% and 19%, respectively; Fig. 5, A
and B), suggesting that these two proteins inhibit F-actin ac-
cumulation. As previously published, depletion of septin or
anillin led to a 24% increase or no change (respectively) in
myosin-II levels in the ring (Fig. 5, A and C; Maddox et al.,
2007; Lewellyn et al., 2011). These results demonstrate that
PAR-6 and PAR-2 have opposite effects on spindle length and
myosin-II localization but similar effects on F-actin, septin,
and anillin levels in the contractile ring during cytokinesis.
These results further suggest that septin and anillin function
as negative regulators of F-actin accumulation at the contrac-
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tile ring during cytokinesis, and their PAR-dependent anterior
polar retention allows proper F-actin accumulation at the ring
during asymmetric cell division.

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

PAR proteins promote F-actin during cytokinesis ¢ Jordan et al. a3
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*, P<0.05; **, P <0.005; ****, P <0.0001. Bars, 10 pm. a.u., arbitrary units; b, background. ani-1 = anillin; unc-59 = septin.

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 failure in formin(ts) mu-
tants lacking A-P polarity. Consistent with this prediction, we
found that depletion of septin completely rescued cytokinesis
failure in formin(ts);par-6(RNAi) and formin(ts);par-2(RNAi)
zygotes, even at semirestrictive temperature when formin(ts)
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mutants alone failed in cytokinesis (Figs. 5 D and S1 A). These
results suggest that the synthetic interaction between loss of
formin activity and loss of PAR proteins is dependent on septin.
Thus, the major contribution of the cortical PAR proteins to cyto-
kinesis may be to inhibit septin because in the absence of septin,
the PAR proteins are dispensable. Indeed, depletion of septin or
anillin rescues cytokinesis failure in formin(ts) mutants but not
in myosin-1I(ts) mutants (Fig. 5, E and F). Although depletion
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Figure 5. 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 and C. The boxed area represents the region used for measurement in the contractile ring. (B and C) Depletion of septin and anillin increased F-actin levels in
the contractile ring (B), whereas only sepfin depletion increased myosin-ll levels in the ring (C; n > 10, all conditions; mean = SD). **, P < 0.005; ns, not significant.
(D) Depletion of septin suppresses cytokinesis failure in formin(ts] mutant embryos at semirestrictive temperature, even when AP polarity is simultaneously disrupted
(control(RNAI) n = 9, cyk-1{ts);controlRNAI) n = 11, par6(RNAI);unc-59RNAI) n = 11, cyk-1{ts);par-6(RNAI] n = 3, cyk-1{ts);par6(RNAI|;unc-59(RNAI) n = 12,
par-2(RNAI);unc-59(RNAI) n = 10, cyk-1{ts);par-2(RNAI) n = 4, cyk-1{ts);par-2(RNAI);unc-59(RNAi) n = 12; mean + SEM). (E) Depletion of septin and anillin sup-
presses cytokinesis failure in formin(ts) mutant embryos at semirestrictive temperature (n = 10, all conditions; mean + SEM). (F) RNAi-mediated depletion of neither
anillin nor septin suppresses cytokinesis failure in myosin-ll(ts) mutant embryos at semirestrictive temperature (n > 8, all conditions; mean + SEM). (G) In our genetic
model, PAR proteins inhibit septin and anillin localization in the contractile ring by promoting their anterior retention. This prevents septin and anillin from inhibiting
F-actin and thereby promotes robust cytokinesis. The question marks reflect that the mechanism of action, whether via a direct interaction or other intermediate players
in the pathway, is unknown. Bar, 10 pm. a.u., arbitrary units; b, background. cyk-1 = formin; nmy-2 = myosin-l; ani-1 = anillin; unc-59 = septin.
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of septin (but not anillin) led to increased contractile ring con-
striction in myosin-II(ts) embryos at semirestrictive temperature,
cytokinesis ultimately failed in 100% of embryos (Fig. 5 F). This
is consistent with the increase in contractile ring myosin-II lev-
els observed after septin (but not anillin) depletion (Fig. 5 C).
Collectively, our results 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 anillin to the cell anterior (Fig. 5 G). Further ex-
periments will be necessary to determine whether this is a di-
rect or indirect effect.

Although we were initially surprised by the inhibitory
role for anillin and septin during cytokinesis, there is little con-
sensus for a positive regulatory role for these proteins in cell
division. Anillin homologues are not required for contractile
ring assembly and constriction in many systems, including
budding yeast (Norden et al., 2006), fission yeast (Chang et
al., 1996), many C. elegans cell types (Maddox et al., 2007),
some cells in Drosophila (Field et al., 2005; O’Farrell and Kyl-
sten, 2008), zebrafish ganglion cell progenitors (Paolini et al.,
2015), and even HeLa cells, in which loss of anillin causes cy-
tokinesis failure in only 15-50% of cells (Straight et al., 2005;
Piekny and Glotzer, 2008). The septins, originally identified
in the asymmetrically dividing budding yeast, are required in
that system for mother—daughter cell separation but not for
actomyosin contractile ring constriction (Wloka et al., 2011).
Septins are also dispensable for most cytokinetic events in
fission yeast (Wu et al., 2010), worms (Nguyen et al., 2000;
Maddox et al., 2007), some Drosophila cell types (Field et
al., 2008), and in many human cell types (Menon and Gaestel,
2015). In fact, ring constriction is faster without the septins in
some systems (Lewellyn et al., 2011; Wloka et al., 2011). Anil-
lin and septin have also both been implicated in regulating the
asymmetry of contractile ring constriction within the division
plane (Maddox et al., 2007). This role is quite different than the
PAR-dependent asymmetry in daughter cell fate and size that
we describe here. Our data suggest that, at least in asymmetri-
cally dividing C. elegans embryos, anillin and septin function
as negative regulators of contractile ring assembly and con-
striction, perhaps because of their ability to cross-link F-actin
and/or myosin-II 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 (Ganem et al., 2007,
Davoli and de Lange, 2011; Halaoui and McCaffrey, 2015).
Here, we demonstrate that during asymmetric cell division
the PAR proteins actively promote robust contractile ring con-
striction during cytokinesis. This regulation might help protect
against division errors and protect the fidelity of critical asym-
metric cell divisions, such as in proliferating stem cells. Our
work also suggests that the loss of cell polarity increases the in-
cidence of cytokinesis failure and thus could be a cause, rather
than an effect, of cancer development.

Materials and methods

Strain maintenance

C. elegans were maintained on standard nematode growth media plates
seeded with OP50 Escherichia coli as previously described (Brenner,
1974). Strain names and genotypes used in this study can be found
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in Table S1. A. Maddox (University of North Carolina, Chapel Hill,
Chapel Hill, NC) provided the strains OD159 [GFP::ANI-1] and OD26
[GFP::UNC-59], the latter of which was crossed with a strain con-
taining the histone marker ItIs37[pAA64; pie-1/mCHERRY::his-58;
unc-119 (+)] to generate JCC425. M. Glotzer (University of Chicago,
Chicago, IL) provided a strain containing the F-actin marker mg-
Si3[tb-unc-119(+) GFP::Utrophin], which was crossed with a strain
containing the histone marker 1tIs37[pAA64; pie-1/mCHERRY::his-58;
unc-119 (+)] to generate JCC719.

Temperature control

Control and ts strains were maintained in an incubator (Binder) at a per-
missive temperature (16.0 + 0.5°C), except JCC744, JCC719, JCC541,
JCC425, and OD159, which were maintained at room temperature to
prevent the silencing of fluorescent reporters. Live imaging was per-
formed in a room with homeostatic temperature control set to the de-
sired temperature at least 1 h before 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 as follows: formin(ts),
semipermissive temperature (18.5 + 0.5°C); formin(ts), semirestrictive
temperature (23.5 + 0.5°C); myosin-Il(ts), semipermissive tempera-
ture (22.0 = 0.5°C); myosin-1I(ts), semirestrictive temperature (25.5
+ 0.5°C) and fully restrictive temperature (26.5 + 0.5°C). During
Therminator experiments (Fig. 1 A; and Fig. S1, B and D), the room
was maintained at the formin(ts) semipermissive temperature (18.5 =
0.5°C; Davies et al., 2014).

Rapid temperature shifts

Rapid temperature shifts were performed using a custom-built fluidic
system called the Therminator (Bioptechs; Davies et al., 2014) with
one water/isopropanol bath maintained at permissive temperature (16.0
+ 0.5°C) and a second bath at the semipermissive temperature (18.5 +
0.5°C; Figs. 1 A and S1 B) or restrictive temperature (26.5 = 0.5°C;
Fig. S1 D). A switch mechanism determines 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

Young gravid hermaphrodites were dissected in a 16°C M9 buffer
(Brenner, 1974) and mounted on a thin 2% agar pad as previously
described (Gonczy et al., 1999; Davies et al., 2014). Embryos were
filmed using a spinning disc confocal unit (CSU-10; Yokogawa Elec-
tric Corporation) with Borealis (Spectral Applied Research) on an in-
verted microscope (Ti; Nikon) with a 60x 1.4 NA oil-immersion Plan
Apochromat objective with 2 x 2 binning on a charge-coupled device
camera (Orca-R2; Hamamatsu Photonics). During temperature shift
experiments, a 20x 0.75 NA dry objective was used. Z-sectioning was
done with a Piezo-driven motorized stage (Applied Scientific Instru-
mentation), and focus was maintained using Perfect Focus (Nikon) be-
fore each z-series acquisition. An acousto-optic tunable filter was used
to select the excitation light of two 100-mW lasers for excitation at
491 and 561 nm for eGFP and mCherry, respectively (Spectral Applied
Research), and a filter wheel was used for emission wavelength selec-
tion (Sutter Instrument). The system was controlled by MetaMorph
software (Molecular Devices).

A central differential interference contrast image and a through-
cell fluorescent z-series were collected every 30 s to measure contractile
ring dynamics (7 x 2.0-um steps; Fig. 2, B and C; Fig. 3 B; Fig. 5, D-F;
Fig. S1 A; and Fig. S3 B) or every 60 s for Therminator upshifts (5 x 2.0-
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um steps; Fig. 1 A; and Fig. S1, B and D) and measurement of fluorescent
reporter accumulation in the cell poles and contractile ring (11 x 2.5-ym
steps; Fig. 2, D and E; Fig. 3, D-F; Fig. 4, B-E; Fig. 5, A-C; and Fig.
S3, C-F). 3 x 1.0-um steps were acquired at the cell cortex for Fig. S1 C.

Image analysis

MetaMorph and Image] (National Institutes of Health) software were
used for all data analysis. Metaphase plate positions were measured
30 s before anaphase onset. In Fig. 1 C, positions are shown relative
to the A-P axis with the anterior pole being 0% and the posterior pole
being 100%. In Fig. S2 (A and 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 the displace-
ment of the metaphase plate from the cell center (0 um).

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, the
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, pleckstrin homology domain; Audhya
et al., 2005). For each time point, the z plane at which the ring diameter
was widest was used for this measurement. Contractile ring diameter
was plotted as a percentage of the initial diameter (at metaphase) as a
function of time. Anaphase onset was determined using a fluorescent
histone marker (mCherry::Histone2B; Audhya et al., 2007) and was set
as the first time point at which distinct sister chromatids became visible.

Cortical localization of fluorescent markers (GFP::anillin®N! and
GFP::septinVN¢>%; Maddox et al., 2007) was measured at metaphase (one
frame before anaphase onset) and furrow onset (one frame before forma-
tion of a “double membrane furrow” ~60 s after anaphase onset). A sum
projection of seven central planes was generated, and the mean fluores-
cence was measured along a line scan tracing the cortex from the anterior
to the posterior pole. The mean fluorescence was measured outside of the
cell and subtracted from the cortical fluorescence. Values along the cor-
tical line scan were then normalized to the line mean for that cell; that is,
a homogeneous cortex would have a value of 1 at all points. In Fig. 2 (D
and E), the mean fluorescence of the two polarity markers (mCh::PAR-6
and GFP::PAR-2; Schonegg et al., 2007) was measured similarly but are
shown as a ratio of one to the other rather than being normalized to the
line mean. Fluorescence values around polar bodies were removed from
line scans. Polarized accumulation of GFP::anillinAN"! and GFP::sept-
inUNC&>? (Fig. 4, B and C) was calculated at metaphase as a ratio of the
mean fluorescence in the anterior half to the posterior half of the embryo.

The accumulation of contractile ring markers (GFP::UtrophinABP,
myosin-IINMY-2::GFP, GFP::septinV~¢>°, and GFP::anillin”N"!; Munro
et al., 2004; Burkel et al., 2007; Maddox et al., 2007; Tse et al., 2012)
was measured 180 s after anaphase onset from a through-cell z-series
sum projection (11 planes encompassing the entire cell). The mean
fluorescence was measured in a 65-um? region that encompassed the
contractile ring. The mean fluorescence of an equivalent background
region was measured outside of the cell and subtracted from the mean
ring fluorescence. Intensities were then normalized to the contractile
ring of control(RNAi) embryos imaged on the same day.

Daughter cell size asymmetry was measured at the time of contrac-
tile 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 asymmetry was measured as the difference in time from
anaphase onset in AB to the time of anaphase onset in P1. Spindle lengths
were measured 150 s after anaphase onset using transmitted light (differ-
ential interference contrast) to visualize the spindle poles. Distances 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 into HT115 E. coli using CaCl, transformation as pre-
viously described (Timmons et al., 2001). RNAi primers and template
DNA for each gene are listed in Table S2. When available, RNAi con-
structs were obtained directly from the Ahringer RNA! library (Kamath
and Ahringer, 2003). For double RNAi constructs (par-6;,unc-59 and
par-2;unc-59), exonic sequences for either par-6 or par-2 were cloned
into the multiple cloning site of pJC55 (L4440 containing unc-59),
which was linearized via EcoRI digestion.

RNAI feeding bacteria were grown in Luria broth with ampicil-
lin (100 pg/ml) for 8-16 h at 32°C. 300 pl of this culture was plated
on RNAI plates (nematode growth media agar plates [Brenner, 1974]
supplemented with 50 pg/ml ampicillin and 1 mM IPTG). These plates
were allowed to dry and grow at 32°C for 24—48 h. L1 worms were
plated on RNAI plates and then incubated at 16°C for 72 h before
filming. Successful RNAi-mediated knockdown of PAR proteins was
confirmed using four hallmarks of the loss of polarity (Bossinger and
Cowan, 2012): (1) reduced spindle displacement at metaphase, (2)
loss of daughter cell size asymmetry after division, (3) high embry-
onic lethality, and (4) mislocalized fluorescent reporters for the anterior
(mCh::PAR-6) and posterior (GFP::PAR-2) domains and/or loss of cell
cycle asynchrony in the AB/P1 cell divisions (Fig. S2).

Statistical analysis
Unpaired two-tailed ¢ tests were conducted using Prism (GraphPad
Software).

Online supplemental material

Fig. S1 shows that ts mutants allow tuning of specific protein
functions that are necessary for cytokinesis. Fig. S2 shows successful
RNAi-mediated knockdown of PAR proteins as confirmed by classic
hallmarks of the loss of polarity. Fig. S3 shows that cortical PAR
proteins regulate cytokinesis and sequester septin and anillin in the
cell anterior. Table S1 contains the strain names and genotypes used in
the study. Table S2 details the feeding RNAi constructs used, as well
as relevant information for their construction when needed. Online
supplemental material is available at http://www.jcb.org/cgi/content
/full/jcb.201510063/DC1. Additional data are available in the JCB
DataViewer at http://dx.doi.org/10.1083/jcb.201510063.dv.
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