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PAR proteins are key regulators of cellular polarity
and have links to the endocytic machinery and the
actin cytoskeleton. Our data suggest a unique role for
PAR proteins in cytokinesis. We have found that at the
onset of cytokinesis, anterior PAR-6 and posterior
PAR-2 proteins are redistributed to the furrow membrane in a temporal and spatial manner. PAR-6 and
PAR-2 localize to the furrow membrane during ingression but PAR-2-GFP is distinct in that it is excluded
from the extreme tip of the furrow. Once the midbody
has formed, PAR-2-GFP becomes restricted to the midbody region (the midbody plus the membrane flanking
it). Depletion of both anterior PAR proteins, PAR-3
and PAR-6, led to an increase in multinucleate
embryos, suggesting that the anterior PAR proteins are
necessary during cytokinesis and that PAR-3 and PAR6 function in cytokinesis may be partially redundant.
Lastly, anterior PAR proteins play a role in the maintenance of DYN-1 in the cleavage furrow. Our data indicate that the PAR proteins are involved in the events
that occur during cytokinesis and may play a role in
promoting the membrane trafficking and remodeling
events that occur during this time. V 2012 Wiley Periodicals, Inc
C
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Introduction

C

ytokinesis is a dynamic process involving interactions
between astral and spindle midzone microtubules,
cortical microfilaments, and cellular membranes to permit
cleavage furrow ingression and daughter cell separation
[Bringmann and Hyman, 2005; Glotzer, 2005, 2010].
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The astral microtubules and spindle midzone, the region
of microtubules between the separating chromatids, appear
to play a key role in the initiation and completion of
cytokinesis [White and Borisy, 1983; Cao and Wang,
1996; Wheatley and Wang, 1996], although the exact nature of their roles have been debated. Plasma membrane
and actin dynamics also play necessary roles in the formation of the contractile ring [Balasubramanian et al., 1994,
2004; Takeda et al., 2004; Ng et al., 2005; Logan and
Mandato, 2006], yet there is very little evidence about
what factors signal and regulate this event. The insertion
and removal of membrane at the cleavage furrow is also
an important component of cytokinesis [Shuster and Burgess, 2002; Montagnac et al., 2008b; Horgan and McCaffrey, 2012], as it appears that membrane donated from
the cell surface alone is not sufficient to support cleavage
furrow ingression and the separation of daughter cells
[Danilchik and Brown, 2008]. There is also critical interplay between the cell division machinery and polarity cues
to properly segregate not only chromosomes and organelles but also cytoplasmic determinants to newly formed
daughter cells [Cheeks et al., 2004; Munro et al., 2004].
The role of polarity proteins in cell division events is
unclear.
The PAR proteins are a widely conserved group of proteins necessary for various cell polarization events [Nance
and Zallen, 2011]. The PAR proteins were originally
identified in a genetic screen in Caenorhabditis elegans
embryos [Kemphues et al., 1988]. PAR-3 and PAR-6
localize to the anterior cortex while PAR-1 and PAR-2
localize to the posterior domain [Cuenca et al., 2003;
Nance and Zallen 2011]. Acto-myosin based transport of
PAR-3/PAR-6/PKC-3 has been shown to play a crucial
role in establishing polarity. The anterior localization of
the PAR proteins is established by cortical flows regulated
by the sperm centrosome [Cheeks et al., 2004; Munro
et al. 2004]. PAR-3, PAR-6, and PKC-3 protein distribution is also controlled by the acto-myosin regulators
CDC-42 and RHO-1 [Schonegg et al., 2007]. Our lab

has shown that C. elegans dynamin, DYN-1, participates
in the maintenance of anterior–posterior cues by mediating the localization of PAR-6 to the cortex via endocytosis. [Nakayama et al., 2009]. Here, the spatial and
temporal regulation of endocytosis during the cell cycle
contributes to the maintenance of PAR proteins within a
dynamic plasma membrane. Subsequently, we have found
that the endocytic recycling of PAR-6 is disrupted in the
absence of Arp2/3 complex [Shivas and Skop, 2012].
Endocytic recycling mechanisms appear to be an important step in maintaining PAR proteins in the plasma
membrane throughout development. Overall, the importance of PAR proteins in the generation of cell asymmetry
is obvious in the C. elegans embryo and have equally important and conserved functions in Drosophila and vertebrate embryos [Betschinger and Knoblich, 2004; Cowan
and Hyman, 2004; Macara, 2004; Shivas et al., 2010],
but their function during cell division remains elusive.
Cell polarity is naturally coupled with many events that
occur during cell division. As a tissue proliferates and
develops, each cell must maintain its polarization state
upon each division event [Devenport et al., 2011]. Failure
to coordinate these events can lead to over proliferation
and loss of tissue polarity, as seen in a variety of epithelial
cancers [Aranda et al., 2008; Nolan et al., 2008; Sagona
and Stenmark, 2010; Schenk et al., 2010]. Polarity factors
are differentially targeted and maintained at distinct sites
in the membrane cortex before cleavage furrow formation.
In C. elegans, cleavage furrow placement occurs at the
exact boundary between anterior and posterior PAR protein domains [Schenk et al., 2010]. Prior to cellularization
in Drosophila, the plasma membrane is polarized and
remains so during cleavage furrow invagination [Mavrakis
et al., 2009]. Polarity is not only important during animal
cell division. In S. pombe polarity factors are essential for
proper cellular axis determination and placement of cytokinetic factors prior to division [Chang, 2001; Tavares
et al., 2012]. Polarity and cytokinesis also require polarized vesicle trafficking [Skop et al., 2001; Lu and Bilder,
2005; Wilson et al., 2005; Montagnac et al., 2008; Prekeris and Gould, 2008; Qi et al., 2011; Hehnly and Doxsey,
2012]. As the cleavage furrow ingresses, polarized vesicle
trafficking is important for the insertion of new membrane along the furrow and in the midbody [Prekeris and
Gould, 2008]. Properly polarizing cellular factors prior to
and during cytokinesis is a key step that must be precisely
regulated throughout development
In this study, we examined the role of the PAR proteins
in cytokinesis. We found that double depletion of the anterior PAR proteins, PAR-3 and PAR-6, led to a variety
of early embryonic phenotypes, including multinucleate
embryos. PAR proteins display a dynamic localization pattern at the furrow membrane that is disrupted when other
PAR proteins are perturbed. PAR proteins play a role in
the maintenance of DYN-1 at the cleavage furrow. We
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postulate that PAR proteins play a necessary role during
cytokinesis by targeting membrane trafficking and remodeling factors necessary for the events that occur during
this time.

Results
Anterior and Posterior PAR Proteins Temporally
and Spatially Localize Along the Cleavage
Furrow

Anterior and posterior PAR proteins localize to respective
cortical domains by the end of polarity establishment
[Boyd et al., 1996; Guo and Kemphues, 1996; Cowan
and Hyman, 2004]. Although PAR proteins were first
shown to localize to the cleavage furrow in fixed C. elegans
embryos [Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995], it is unclear if there is a temporal and spatial pattern during furrow formation. To characterize the
dynamic localization patterns of anterior and posterior
PAR proteins during cleavage furrow ingression, we examined PAR-6-mCherry and PAR-2-GFP localization in
early C. elegans embryos. In wild-type embryos, PAR-6mCherry and PAR-2-GFP localize to the anterior and
posterior poles prior to cleavage furrow initiation (Fig.
1A, 0 min). As the furrow starts to ingress (Fig. 1A 2.7
min), both anterior and posterior PAR proteins appear
along the furrow membrane, but only PAR-6-mCherry is
found at the leading edge of the furrow membrane. As
the furrow continues to ingress (Fig. 1A, 4.7 min), this
localization pattern is maintained. At 12.5 min after the
initiation of furrow ingression, the flanking membrane
along the furrow is predominately labeled with PAR-6mCherry. The midbody region is the only place where
PAR-2-GFP co-localizes with PAR-6-mCherry. As the
embryo continues to divide to become a four-celled
embryo, the localization of the anterior and posterior PAR
proteins segregate to the membrane boundaries on opposite sides of the embryo (Fig. 1A). Here, PAR-6 is found
predominantly along the membrane boundaries between
the ABa, Abp, and EMS blastomeres (Fig. 1A, 31.7 min).
PAR-2-GFP localizes exclusively to the P2 blastomere in
the 4-cell embryo. To take a closer look at the localization
patterns of the anterior and posterior PAR proteins during
cytokinesis, we followed PAR-6-mCherry and PAR-2-GFP
dynamics every 80 s and split the channels to look at the
differences between them (Fig. 1B). Anterior and posterior
PAR protein localization at the furrow is observed until 8min postcleavage furrow closure (Fig. 1B). Between 8and 16-min postcleavage furrow closure, PAR-2-GFP
localization becomes restricted to the membrane region in
vicinity of the midbody (Fig. 1B, 8–16-min postclosure).
PAR-6-mCherry localizes along the entire furrow membrane during cytokinesis, whereas, PAR-2 is temporally
and spatially restricted along the furrow. We suspect that
PAR Proteins in Cytokinesis
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Fig. 1. Dynamics of PAR-6-mCherry and PAR-2-GFP proteins during cell division. (A) Embryos expressing both PAR-6mCherry and PAR-2-GFP were imaged using spinning disk confocal microscopy from one minute prior to furrow formation through
the four-cell stage. Localization of PAR-6-mCherry and PAR-2-GFP are temporally and spatially localized along the cleavage furrow
membrane. PAR-6 and PAR-2 localize to the furrow membrane during ingression but are distinct in that PAR-2-GFP is excluded
from the extreme tip of the furrow (white arrowhead, Fig. 1A, 2.7 min), where PAR-6-mCherry is only found. Once the midbody
has formed, PAR-2-GFP becomes restricted to the midbody region (the midbody membrane accumulation plus the membrane flanking it) postfurrow closure (Fig 1A, 12.5–14.9 min and Fig 1B). During the next division the localization of PAR-2-GFP disappears
from the midbody region and localizes to the entire cortex of the P2 blastomere (Fig 1A, 26.6–31.7 min). At this time, PAR-6mCherry is now found at the cortex and adjoining membranes of the anterior blastomeres (ABa, ABp, and EMS) at the four-cell
stage (Fig 1A, 31.7 min). The adjoining membrane adjacent to the P2 blastomere in EMS and ABp is labeled with PAR-2-GFP. (B)
View of PAR-6-mCherry and PAR-2-GFP dynamics along the cleavage furrow at the mid-focal plane. Corresponding red and green
channels were separated and a montage of furrow ingression was built from frames 80 s apart from furrow initiation to 16-min postclosure. At 4-min postclosure, PAR-6 and PAR-2 are evenly distributed along the furrow membrane and accumulate at the midbody.
After the 4-min postclosure, PAR-6-mCherry remains evenly distributed along the furrow membrane whereas, PAR-2-GFP becomes
restricted to the midbody (a bolus of membrane) and regions flanking the midbody by the end of the time course.

during cytokinesis the PAR proteins establish a polarity
along the furrow, such that the temporal and spatial targeting of distinct membrane trafficking and remodeling
machinery would occur.
Depletion of PAR-3 and PAR-6 Leads to
Multinucleate Embryos

The role of polarity proteins in cytokinesis is unclear.
Work by the Glotzer lab has shown that when depleted
singly, PAR proteins (PAR-3 and PAR-2) do not have
cytokinesis defects. In addition, depletion of opposing
PAR proteins (PAR-3 and PAR-2) together does not lead
to defects in cell division [Dechant and Glotzer, 2003].
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However, depletion of nonopposing PAR proteins was not
explored. To determine if nonopposing PAR proteins play
a role in cytokinesis, we explored the contribution of both
PAR-3 and PAR-6 in the early C. elegans embryo. To do
this, we injected par-3 mutant worms with par-6 doublestranded RNA and assessed the terminal phenotypes 24–
30-h postinjection (Fig. 2A). We characterized the
embryos into two groups: unhatched (embryos that
arrested later in development that did not hatch) and single-celled embryos (Fig. 2). Then, the single-cell embryos
were categorized into two groups: rounded and multinucleate embryos (Figs. 2C and 2D). The rounded, singlecell embryos were small and possessed puckered membranes (Fig. 2B), often indicative of membrane trafficking
CYTOSKELETON

Fig. 2. Phenotypes observed in double par-3 mutant and PAR-6 RNAi-depleted embryos. Depletion of both anterior PAR proteins (PAR-3 and PAR-6) yields a smaller brood size and a variety of embryonic lethal phenotypes. The total number of embryos
from each particular assay was quantified (Total n). These embryos were first divided into groups based on gross embryonic phenotypes observed: wild type (hatched) and unhatched embryos. Unhatched embryos are embryos that did not arrest at the one-cell stage
but arrested later in development. Of the wild type embryos injected with water, 11% of them did not hatch and 89% of them
developed normally (A). For the par-6 injected, par-3 mutant and par-3 mutant; par-6 injected embryos their percent lethality was
between 93 and 100%. A majority of these embryos resembled (B), where the embryos died at later stages of development and did
not hatch (i.e., unhatched). All of the unhatched embryos that did not die at later stages in development, we identified these embryos
as having a single-celled phenotype (% single-celled). Of the wild-type; par-6 injected animals, 7% of the unhatched embryos were
single-celled. Of the KK653 (par-3; water injected animals, 13% of the unhatched embryos were single-celled. Of the par-3; par-6
RNAi-treated embryos, 21% of these unhatched embryos arrested at the one-cell stage and were either (C) round or (D) multinucleate. It is not clear what percentage of the sickly embryos in (C) were also multinucleate. (E) Table showing the percentages of
embryos with particular embryonic phenotypes. The percentage of unhatched column designates the percent of embryonic lethality
for the total number of embryos from all four experiments. Of the lethal embryos observed, we then calculated the percentage of
those embryos that were multinucleate (percentage of single-celled column). Total n is the total number of embryos from multiple
experiments (four each). (F) These graphs are a representation of the average percentage of each phenotype observed (hatched,
unhatched, rounded, multinucleate) in the experimental replicates (four times). Each phenotype was quantified as a percentage of
each individual experiment and then averaged together. Error bars indicate standard error. The percentages are similar to that of the
table in (E), but this graph conveys the reproducibility of the phenotypes.

defects that have been observed previously [Thompson
et al., 2002a]. The multinucleate embryos were not morphologically different than wild-type embryos, but multiple nuclei were present in the cytoplasm with no distinct
cell boundaries separating them (Fig. 2D). The rounded
CYTOSKELETON

and multinucleate embryos were separated to distinguish
the difference between them in their membrane formation. It is possible that the round, single-celled embryos
could also be multinucleate. We quantified the phenotypes
and compared them to control worms injected with water.
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In wild-type worms injected with par-6 double stranded
RNA, 93% of embryos failed to hatch and 4% were
rounded, single-celled embryos and 3% were multinucleate (Fig. 2E, n ¼ 193). In par-3 mutant worms injected
with water, 100% of the embryos failed to hatch and
13% of the unhatched embryos were rounded, singlecelled embryos (n ¼ 127). When the par-3 mutant worms
were injected with par-6 double stranded RNA, 100% of
the embryos failed to hatch, similar to the par-3 mutants
injected with water alone. However, we saw an increase in
the percentage of embryos that were single-celled (21%).
Of these embryos, 13% were rounded and 8% were multinucleate (n ¼ 165). So, par-3 mutants injected with par6 RNA showed an increase in multinucleated embryos.
Given the number of nuclei observed, these embryos
attempted multiple rounds of cytokinesis but failed (Fig.
2D). To account for variability between the experimental
replicates, we also analyzed the terminal phenotypes as a
percentage of each individual experiment, and then averaged them together (Fig. 2F). Percentages of phenotypes
were similar to that observed in Fig. 2E, but include error
bars to indicate reproducibility and variance. Our attempt
to catch failures in cytokinesis in young embryos was
quite difficult due to the sickness of the hermaphrodites;
so terminal phenotypes were determined and quantified.
We observed a large increase in the numbers of multinucleated embryos in cases where both anterior PAR proteins, PAR-3, and PAR-6, are diminished. This data
suggest that the anterior PAR proteins play a possible role
in the progression through cell division.
Localization of Anterior and Posterior PAR
Proteins to the Cleavage Furrow is Dependent
on Each Other

To determine if PAR proteins are required for the stable
localization of PAR-6 or PAR-2 to the cleavage furrow
during cytokinesis, we examined PAR-6-mCherry and
PAR-2-GFP expression at the furrow in either anterior
(PAR-3) or posterior (PAR-1) RNAi-treated embryos
using spinning disk confocal microscopy (Fig. 3A). Next,
we quantified the fluorescence intensity of PAR-2-GFP
and PAR-6-mCherry during cytokinesis by taking the fold
change value of the mean fluorescence intensity and plotted it over time (Figs. 3B–3E, wild type).
In wild-type embryos, during initiation and furrow closure,
PAR-6-mCherry and PAR-2-GFP are present along the entire
furrow membrane (Fig. 3A, wild type) and the fluorescence
intensity peaks at furrow closure (Figs. 3B and 3D, wild
type). PAR-6-mCherry fluorescence changes from 2.5-fold
above cytoplasmic levels at furrow closure to 1.3-fold above
cytoplasmic levels at 16-min postfurrow closure (Fig. 3B,
wild type). Throughout cytokinesis, the fluorescence intensity
of PAR-6-mCherry remains above the cytoplasmic levels at
furrow initiation. This observation is disrupted when either
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anterior or posterior proteins are depleted (Fig. 3). Depletion
of anterior PAR proteins (PAR-3 and PAR-6) leads to a 1.5to 2.0-fold decrease in PAR-6-mCherry fluorescence at the
cleavage furrow at all time points, with fluorescence intensity
barely rising above the initial cytoplasmic level of one (Fig.
3B). Depletion of posterior PAR-1 had little influence on
PAR-6-mCherry at the cleavage furrow with no statistically
significant difference at any time point (Fig. 3C). Knockdown
of posterior PAR-2 had a more significant affect on PAR-6mCherry fluorescence at the furrow with a 1.5-fold decrease
in fluorescence intensity observed between 8- and 16-min
postfurrow closure (Fig. 3C).
PAR-2-GFP fluorescence at the cleavage furrow also
decreases after membrane closure, like PAR-6-mCherry,
but to a greater extent. The fluorescence intensity of PAR2-GFP is highest during furrow closure at a fold change
of 4.2 above cytoplasmic levels, but by 16-min postclosure, PAR-2-GFP fluorescence intensity is at 0.9, below
initial cytoplasmic levels; which is approximately a fourfold decrease (Fig. 3D). This clearance of PAR-2-GFP is
less severe when either anterior or posterior PAR proteins
are knocked-down. Depletion of either PAR-3 or PAR-6
leads to a decrease in initial PAR-2-GFP accumulation at
the cleavage furrow, from a fourfold increase above cytoplasmic levels in wild type embryos to a 2.0- and 2.7-fold
increase, respectively, between furrow initiation and furrow closure (Fig. 3D). Although PAR-2-GFP fluorescence
is less intense at early time points in PAR-3 and PAR-6
depleted embryos, at 16-min postfurrow closure PAR-2GFP fluorescence is approximately twofold higher than
that of wild-type embryos (Fig. 3D). Anterior PAR proteins may be necessary for the removal of PAR-2 from the
cleavage furrow over time. PAR-2-GFP fluorescence was
minimally affected by depletion of PAR-1, except at 16min postfurrow closure where fluorescence intensity was
twofold higher than in wild type (Figs. 3A and 3E).
RNAi depletion of PAR-2 had a greater affect on PAR-2GFP fluorescence at the cleavage furrow, reducing fluorescence to cytoplasmic levels from furrow initiation through
16-min postclosure (Fig. 3E), which is not surprising
given that we are knocking down PAR-2 expression.
Overall, our data suggest that anterior and posterior PAR
protein localization is dynamic during and well after the furrow has fully ingressed. PAR-6 is maintained at a constant level
at the cleavage furrow, while PAR-2-GFP is being removed
from the membrane flanking the midbody. The anterior PAR
proteins are necessary for the removal of PAR-2 from the cleavage furrow membrane. The role of PAR proteins at the midbody is unclear, but they may mediate the membrane
trafficking events that are occurring during this time.
The Dynamics of PAR Proteins During
Cytokinesis

We have shown that PAR protein localization to the cleavage furrow is dynamic. To determine if the distribution of
CYTOSKELETON

Fig. 3. PAR-6 and PAR-2 localization and maintenance at the cleavage furrow membrane is dependent on other PAR proteins.
(A) Single, mid-focal plane confocal images of the cell equator from time-lapse sequences of embryos expressing both PAR-6mCherry and PAR-2-GFP in the absence of PAR-3 or PAR-1. (B) and (C) show the mean fluorescence intensity of PAR-6-mCherry
expression along the cleavage furrow in wild type embryos, par-3, par-6, par-1 and par-2 RNAi-treated animals. (D) and (E) show
the mean fluorescence intensity of PAR-2-GFP along the cleavage furrow in wild-type, anterior and posterior PAR RNAi-treated
embryos. (F) and (G) show the differences between PAR-6-mCherry and PAR-2-GFP localization at the cortex versus cleavage furrow
during cytokinesis. All time points were normalized to the mean fluorescence intensity of cytoplasmic levels measured during ingression. The number of embryos for each experiment is listed as: wild type, n ¼ 8; par-1 RNAi, n ¼ 6; par-2 RNAi n ¼ 7; par-3
RNAi n ¼ 9; par-6 RNAi n ¼ 5. Asterisks indicate time points that displayed a significant difference (A P-value of <0.05) between
corresponding PAR depletion and wild type fluorescence intensity values. Statistical significance was determined by ANOVA followed
by post hoc testing.

PAR-6 and PAR-2 at the anterior and posterior cortex of
the embryo are redistributed at the onset of cytokinesis, we
measured the fluorescence intensity of both anterior and
posterior cortex and compared it to the furrow localization
(Figs. 3F and 3G). As the furrow has formed, cortical
CYTOSKELETON

anterior PAR-6-mCherry fluorescence intensity decreases
(1.6 at furrow ingression to 1.2 at furrow closure) (Fig. 3F)
while it increases at the cleavage furrow (mean intensity
value change of 1–2.2). The anterior levels of PAR-6mCherry then steadily decrease at beginning of furrow
PAR Proteins in Cytokinesis
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closure (Fig. 3F). PAR-6 is most likely being directed from
the anterior of the embryo to the furrow membrane during
cytokinesis. PAR-6 could also be degraded over time, since
fluorescence intensity decreases in both the anterior and at
the furrow at this time, yet bleaching during microscopy
could also be the cause.
In the posterior cortex of the single-cell embryo, PAR2-GFP fluorescence intensity decreases at furrow initiation
to furrow closure (mean fold change of 3.3–2.6 at furrow
closure), yet increases in intensity at the cleavage furrow
(Fig. 3G). The posterior cortex fluorescence of PAR-2GFP continues to decrease after furrow closure. After 4min postclosure, posterior PAR-2-GFP fluorescence starts
to increase until 16-min postclosure resulting in an 18%
increase in cortical fluorescence intensity. The increase in
the cortical posterior fluorescence correlates with the clearance of PAR-2-GFP at the cleavage furrow (Figs. 3D and
3E). Our data suggests that anterior and posterior PAR
proteins are spatially and temporally regulated throughout
cytokinesis. This dynamic localization may reflect the
requirement of PAR proteins during furrow formation
and completion, possibly by mediating the targeting or removal of factors along the furrow membrane during
cytokinesis.
Depletion of Anterior and Posterior PAR
Proteins Leads to Loss of DYN-1 at the
Cleavage Furrow

Our lab has shown that dynamin/DYN-1 localizes to the
cleavage furrow and mediates the localization and maintenance of PAR-6 in the anterior of the embryo [Thompson
et al., 2002; Nakayama et al., 2009]; however, it is not
known if PAR proteins mediate DYN-1 localization to
the furrow. First, we determined the dynamics of DYN-1GFP during cytokinesis. DYN-1-GFP localizes to the furrow membrane right at furrow initiation and remains
along the furrow membrane even 16-min postclosure
(Figs. 4A and 4B). The localization pattern is similar to
the PAR proteins (Fig. 3) except that the intensity of
DYN-1 remains high well after furrow closure. To determine if the PAR proteins play a role in mediating DYN1-GFP localization at the cleavage furrow, we used RNAi
to knockdown anterior and posterior PAR proteins in
DYN-1-GFP expressing embryos. In embryos depleted of
PAR-6, a decrease in fluorescence intensity (12%) is
observed at furrow closure and continues to decrease until
16-min post-closure. After furrow closure the localization
of DYN-1-GFP at furrow dramatically disappears in PAR6 RNAi-treated embryos. Here, we observe a 26%
decrease in the mean fluorescence intensity compared to
wild-type embryos (Fig. 4B). A similar phenotype is seen
in embryos depleted of PAR-3, but the decrease in DYN1-GFP intensity does not occur until 4-min postfurrow
closure. PAR-3 does not appear to have an affect on the
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initial DYN-1-GFP localization to the furrow. In PAR-3
RNAi-treated embryos there is a 10% decrease in fluorescence intensity that occurs at 4-min postfurrow closure
that eventually drops to a 25% decrease by 16-min postclosure (Fig. 4B).
We also determined if the posterior PAR proteins,
PAR-1 and PAR-2, have an affect on DYN-1-GFP localization at the furrow. In embryos depleted of PAR-1, a
10% decrease in fluorescence intensity is seen at 4-min
postclosure. By 16-min postclosure, DYN-1-GFP fluorescence decreases to 19%. PAR-2 depleted embryos do not
show a significant decrease in fluorescence intensity until
8-min postclosure where a 14% decrease in fluorescence
intensity is observed. Fluorescence intensity of DYN-1GFP continues to decrease in PAR-2 depleted embryos
until 16-min postclosure where it is 25% lower than that
of the control DYN-1-GFP expressing embryos. Our data
suggest that both anterior and posterior PAR proteins are
necessary for the maintenance of DYN-1 at the cleavage
furrow. Absence of PAR-6 leads to a 12% decrease in fluorescence intensity of DYN-1-GFP localization at the furrow, suggesting that it may play some role in the
localization of DYN-1 to the furrow or PAR-6 could
solely function in the maintenance of DYN-1 at the furrow. PAR-3, PAR-1 and PAR-2 appear to play a role in
the maintenance of DYN-1 at the furrow. Future research
will uncover these possibilities.

Discussion
PAR-6 and PAR-2 Localize to the Cleavage
Furrow During Cytokinesis

PAR proteins have been documented to localize to the
cleavage furrow [Etemad-Moghadam et al., 1995; Watts
et al., 2000; Li et al., 2010; Schenk et al., 2010], but the
importance and dynamics of their localization patterns to
the cleavage furrow was unclear. To determine the significance of PAR protein localization during cytokinesis, we
have taken advantage of live-cell imaging in the C. elegans
embryo. First, we discovered that both anterior and posterior PAR proteins are found in the cleavage furrow and
their localization is spatially and temporally regulated.
PAR-6-mCherry and PAR-2-GFP are found in the early
cleavage furrow, with only PAR-6-mCherry at the very tip
of the ingressing furrow early. Eventually, PAR-2-GFP
eventually becomes restricted to the midbody region,
whereas PAR-6-mCherry is found along the entire furrow
membrane and midbody during abscission. Upon the next
division, the germline precursor (P4) is the only
blastomere where the PAR-2-GFP was found, whereas,
PAR-6-mCherry was found along the cortex and junctions
between ABa and ABp and also ABa and EMS blastomeres. What is currently unknown is whether PAR
proteins play a specific function during cytokinesis.
CYTOSKELETON

Fig. 4. Anterior and posterior PAR proteins influence DYN-1 localization to the furrow. Single, mid-focal plane confocal images
of the cell equator from time-lapse sequences of embryos expressing DYN-1-GFP. (A) Montages show a control embryo and an
embryo in which PAR-6 was depleted. DYN-1-GFP is maintained along the furrow throughout cytokinesis and 16-min postfurrow
closure concentrating at the midbody. In PAR-6 RNAi-treated embryos, a reduction in recruitment of DYN-1-GFP to the cleavage
furrow is observed. (B) Analysis of DYN-1-GFP intensity at the furrow in wild-type and anterior PAR (PAR-3 and PAR-6) depleted
embryos. (C) Analysis of DYN-1-GFP fluorescence intensity at the cleavage furrow in posterior PAR depleted embryos. Depletion of
both anterior and posterior PAR proteins leads to a decrease in fluorescence intensity of DYN-1-GFP at the cleavage furrow. The
number of embryos for each experiment is listed as: wild type, n 5 9, par-1 RNAi n 5 9, par-2 RNAi n 5 8, par-3 RNAi n 5 5,
par-6 RNAi n 5 7. Asterisks indicate time points that displayed a significant difference (A P-value of <0.05) between corresponding
PAR depletion and wild type fluorescence intensity values. Statistical significance was determined by ANOVA followed by post hoc
testing.

As in cell polarity, membrane-cytoskeletal dynamics
plays a very important role in the cell division process.
Numerous signaling molecules found at the equatorial
membrane are important for mediating the furrowing process and assembly of the actomyosin ring [Skop et al.,
2004; Piekny et al., 2005]. The polarity factors Cdc42/
CYTOSKELETON

CDC-42 and Rho1/RHO-1 also play major roles in cytokinesis and spindle alignment [Gotta et al., 2001; Ohno,
2001; Cowan and Hyman, 2007), and CDC-42 directly
associates with PAR-6 [Aceto et al., 2006]. PAR proteins
have long been known to associate with the actin cytoskeleton [Munro et al., 2004; Patalano et al., 2006; Georgiou
PAR Proteins in Cytokinesis
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and Baum, 2010; Dawes and Munro, 2011; Nance and
Zallen, 2011; Xiong et al., 2011], and actin ring assembly
or dynamics may be mediated in part by their association
with the PAR proteins. In support of this idea, PAR-4 has
been shown to affect actomyosin ring dynamics [Chartier
et al., 2011], yet 10 years earlier was shown to localize to
the cleavage furrow membrane [Watts et al., 2000]. The
function of the PARs in cell polarity and cytokinesis may
also be a separable one as truncating the second PDZ domain in PAR-3 caused a loss of PAR-3-GFP at the anterior cortex but not at the cleavage furrow [Li et al.,
2010]. Our understanding of the nature of the PARs during mitosis and early embryonic development are just beginning to be understood.
PAR-3 and PAR-6 Function Redundantly in
Cytokinesis

We examined the contribution of nonopposing anterior
PAR proteins (PAR-3 and PAR-6) during cytokinesis. Previous work from the Glotzer lab had shown that single
and double depletions of opposing PAR proteins (PAR-3
and PAR-2) do not give rise to cytokinesis defects
[Dechant and Glotzer, 2003]. We found that single PAR3 mutant embryos did not give rise to multinucleate
embryos, but a small proportion of these singly depleted
embryos arrested as round, single-celled embryos (Fig.
2B). The round PAR-3 mutant embryos were very sick
and never attempted to divide. Loss of PAR-6 function
enhances the multinucleate phenotype of par-3 mutants.
These results suggest that PAR-3 and PAR-6 may function
redundantly in cytokinesis. Genetic redundancy of the anterior PDZ-containing PAR proteins, PAR-3, and PAR-6,
is not surprising given that they are in a complex, localize
similarly and that they function together to regulate a
number of conserved cellular processes [Pellettieri and
Seydoux, 2002; Macara, 2004; Goldstein and Macara,
2007]. We did observe an increase in single-celled
embryos (7%) after par-6 RNAi injection, 3% of these
embryos were multinucleate, suggesting that par-6 depletions alone can give rise to cytokinesis phenotypes. But
this number is enhanced when PAR-6 is depleted in the
par-3 mutant embryos (Fig. 2E). It is possible that PAR-6
may act independently as it has been shown to be dispensable for cell polarization in epithelial cells [Totong et al.,
2007]. In Drosophila, Par-6 and aPKC/PKC-3 localize to
distinct apical areas in epithelial cells than that of Bazooka/PAR-3 [Harris and Peifer, 2005], suggesting that
they may function in distinct ways. It is becoming clear
that polarity cues may function together and independently at different points in the cell cycle and throughout
development.
Do PAR-3 and PAR-6 make distinct contributions to
cytokinesis? Given published work [Balklava et al., 2007;
Hyenne et al., 2012; Shivas and Skop, 2012], and our
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data presented here, it is likely that PAR-3, PAR-6 and
the rest of anterior PAR complex (PKC-3 and CDC-42)
contribute to cytokinesis as a complex and distinctly. The
entire anterior PAR complex was identified in a screen for
proteins that regulate endocytosis [Balklava et al., 2007],
suggesting that their role in regulating endocytosis as a
complex is likely. PAR-6 and the early endosomal protein,
RAB-5, have been shown to play a distinct role in regulating endosomal trafficking in the anterior of the early
embryo [Nakayama et al., 2009; Hyenne et al., 2012]. In
addition, PAR-3 also appears to affect the maintenance of
DYN-1-GFP at the furrow (Fig. 4). We cannot rule out
the possibilities that the posterior PAR proteins similarly
play a role in cytokinesis given that posterior PAR proteins, PAR-1 and PAR-2 also affect DYN-1-GFP postfurrow closure, albeit much less than the anterior PAR
proteins do (Fig. 4). Recent work has shown that par-4
mutants have a reduced efficiency of actomyosin contractility and affect the localization of ANI-2/anilin during
both polarity and cytokinesis [Chartier et al., 2011], suggesting that PAR proteins can play necessary yet distinct
roles in both events. In Drosophila, mutations in several
tumor suppressors, lethal giant larvae (lgl), scribble (scrib),
discs large (dlg), and rab5, which also play key roles in cell
polarity, lead to massive polyploid tumors [Bilder et al.,
2000; Bilder, 2004; Vaccari and Bilder, 2009]. These
tumors could arise from numerous failures in cytokinesis.
Thus, many of the genes necessary for cell polarity could
also function during cell division. The specific roles of all
of the PAR proteins in cytokinesis are unclear but future
research will uncover these possibilities.
The Importance of a Polarized Furrow
Membrane During Cytokinesis

How is the trafficking machinery spatially organized along
the furrow during division? Work from several labs has
shown that membrane trafficking and remodeling factors,
such as the ESCRT machinery, FIP3-Rab11, dynamin/
DYN-1, RACK-1, ARF6/Rab35, and PITP/GIOTTO,
localize along the cleavage furrow and midbody during abscission [Thompson et al., 2002; Horgan et al., 2004;
Wilson et al., 2005; Dukes et al., 2008; Montagnac et al.,
2008; Ai et al., 2009; Dambournet et al., 2011; Chesneau
et al., 2012]. The loss of any of these proteins leads to
multinucleate embryos and abscission failures, not unlike
the multinucleate embryos we observed after double
depletion of PAR-3 and PAR-6 (Fig. 2). The molecular
mechanisms that mediate the precise targeting of the trafficking machinery to the furrow membrane or intercellular
canal are unclear. Membrane machinery can be trafficked
to several places during cytokinesis: back to the plasma
membrane, to cytoplasmic membrane stores, along the
furrow membrane and to the midbody. In the C. elegans
embryo, we have shown that the PAR proteins localize in
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a very specific manner along the cleavage furrow (Fig. 1),
likely establishing a polarity along the furrow membrane.
Not unlike what we have observed in C. elegans with the
localization of the PARs (Fig. 1), the Drosophila membrane during cellularization is polarized in an apical and
basal manner by the end of cellularization. Here, the furrow invaginates between adjacent nuclei in the syncytium
forming a membrane that lies perpendicular to the cell
surface. Basal adherens junctions initially form and follow
the furrow canal during the initial phase of cellularization.
Apical adherens junctions form along the apical lateral
membrane during late cellularization [Sisson et al., 1999;
Tepass et al., 2001]. It is unclear if the orthologs of C. elegans PAR-6/PAR-3/PKC-3 (Bazooka, PAR-6, aPKC) and
the posterior markers PAR-1 and Lgl temporally and spatially define the incomplete furrows and junctions in Drosophilia, but we do know that proteins necessary for
cytokinesis localize along the membrane formed during
cytokinesis in a polarized fashion [Riggs et al., 2003;
Papoulas et al., 2005; Giansanti et al., 2006; Dyer et al.,
2007; Giansanti et al., 2007]. Actin-associated proteins,
such as Spaghetti squash and Pavarotti are found at the
tip of the fully ingressed membrane [Dyer et al., 2007].
Trans-membrane proteins such as Neurotactin (Nrt) and
Toll become apically inserted [Lecuit et al., 2002). Interestingly, in slam mutants the accumulation of Nrt and
Toll to the apical membrane is inhibited [Lecuit et al.,
2002], suggesting that membrane targeting to the furrow
is mediated in a polarized fashion. This result is very similar to what we observe in PAR-6 depleted embryos, where
DYN-1 fails to properly localize the furrow membrane
(Fig. 4). PAR-6 may direct membrane traffic to and from
the membrane flanking the midbody similar to the proposed function of Slam in Drosophila. At the midbody,
PAR-6 and PAR-2 may be necessary for the specific targeting and removal of membrane necessary for furrow
ingression and abscission. Thus, we propose that during
cytokinesis the PARs establish a polarity to the furrow
membrane so that factors necessary for membrane remodeling and trafficking can be shuttled to and from their
proper place. The relationship between the PAR proteins
and DYN-1 during cytokinesis is unclear, but our findings
may prove useful in our understanding of how membrane
trafficking is regulated during cytokinesis.
PAR Proteins, Dynamin, and Cytokinesis

We have shown that PAR proteins are found in the cleavage
furrow and appear to mediate the maintenance of DYN-1
at the furrow. Could these proteins influence the assembly
or dynamics of the actin ring in any way? PAR proteins and
dynamin/DYN-1 have long been known to influence actomyosin dynamics [Schafer, 2002; Macara, 2004; Munro
et al., 2004; Cestra et al., 2005]. Could their role at the furrow play a role in ring assembly? PAR-4 has been recently
CYTOSKELETON

found to mediate actin dynamics via the proper positioning
of ANI-2 (anillin). Defects in PAR-4 lead to defects in ring
ingression [Chartier et al., 2011]. In animal cells, dynamin
plays a conserved role during early and late cytokinesis
events [Wienke et al., 1999; Thompson et al., 2002; Kang
et al., 2003]. Plant dynamins also play a role in cytokinesis
in addition to cell and tissue polarization [Kang et al.,
2003] and microfilaments in conjunction with the dynamins play a necessary function in both of these events [Bednarek and Falbel, 2002; Konopka et al., 2006]. Given this
we suspect that in animal cells the PAR proteins and DYN1 may facilitate ring assembly or actin dynamics by influencing the specific targeting of actin regulators or other factors to and from the furrow membrane. Further research
into this hypothesis may provide more clues into the significance the PAR proteins and DYN-1 at the furrow during
cytokinesis.

Conclusion
In summary, we have found that both anterior and posterior PAR proteins localize to the cleavage furrow and midbody in a spatial and temporal manner during cytokinesis.
Double depletion of PAR-3 and PAR-6 leads to multinucleate embryos, suggesting that anterior PAR proteins play
a role in cytokinesis. PAR protein localization to the cleavage furrow is dependent on the other PAR proteins. PAR
proteins are redistributed to the furrow at the onset of
cytokinesis. PAR-6 plays a role in the maintenance of
DYN-1 at the cleavage furrow. Together, these data indicate that the PAR proteins are involved in the events that
occur during cytokinesis. We suggest that the anterior
PAR protein PAR-6 mediates dynamin/DYN-1 localization to and from the furrow thus promoting the membrane trafficking events that occur during this time. The
PAR proteins and DYN-1 may also play a necessary role
in mediating actin assembly and dynamics at the equatorial membrane during cytokinesis. Our data underscores
the importance of a polarized furrow membrane during
cytokinesis.

Material and Methods
Nematode Strains

The following strains were used: TH120 (PAR-2-GFP;
mCherry-PAR-6) [Schonegg et al., 2007] MAD3 (DYN1-GFP) [Nakayama et al., 2009], KK653 (unc32(e189)par-3(it71)/qC1 III) [Li et al., 2010] and N2
(Wild type) [Brenner, 1974]. Worms were maintained
and cultured at 25 C as described by Brenner [1974].
RNAi

RNAi was performed by the feeding method [Fraser et al.,
2000] and by injection of double-stranded RNA into the
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gonads of multiple N2 hermaphrodites per experiment
[Fire et al., 1998]. Single depletions of PAR-3 and PAR-6
were conducted by feeding bacteria expressing doublestranded RNA to L4-stage hermaphrodites for 24–30 h at
25 C. par-3 and par-6 RNAi feeding bacteria were
obtained from the Ahringer RNAi library [Kamath and
Ahringer, 2003], and sequence verified. Depletion of
PAR-3 and PAR-6 simultaneously was achieved through
injection of par-6 double-stranded RNA into the germline
of par-3 mutant (strain) KK653 worms. Worms were
maintained at 25 C for 24–30-h postinjection. Doublestranded RNA for injection was synthesized using MEGAscriptV T7 Kit from Ambion.
R

Imaging

For Fig. 2: worms were dissected in a watch glass in 30 ll
of Shelton’s Growth Media [Shelton and Bowerman,
1996] and the embryos were transferred to a 22  22
mm2 coverslip coated with poly-lysine. The coverslip was
mounted to a slide, using vacuum grease feet and sealed
with silicon oil. For Figs. 1, 3, and 4 worms were dissected in egg salts (118 mM NaCl, 40 mM KCl, 3.4 mM
CaCl2, 3.4 mM MgCl2, 5 mM HEPES (pH 7.2) [Munro
et al., 2004] and the embryos were transferred to a 22 
22 mm2 coverslip. A 2% agarose pad, in egg salts, was
placed on top of the coverslip and sealed with Vaseline.
Time-lapse videos were recorded using a Zeiss 200M
inverted Axioskop microscope equipped with a spinning
disk confocal scan head (QLC100, Visitech International).
The motorized filter turret and focus, external shutters,
and a 12-bit camera (Orca ER; Hamamatsu) were controlled using OpenLab software (Improvision, Inc.).
Images were taken every 8 s using a 63, 1.4 NA PlanApochromat objective. For the DYN-1-GFP strain, the exposure time was 700 ms. For imaging the PAR-2-GFP;
PAR-6-mCherry strain, the exposure time for PAR-2-GFP
was 500 ms, and 1500 ms for mCherry-PAR-6. Images
for Fig. 2 were collected using Differential Interference
Contrast microscopy. All images were acquired at midfocal plane and processed in ImageJ (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011).
Image montages were created using Adobe PhotoShop
and Illustrator (San Jose, CA).
Quantification

Kymographs were collected by cropping uniform areas
(19,038  64,128 pixels) at specific time points (furrow
initiation, furrow closure, 4-min postclosure, 8-min postclosure, 12-min postclosure, and 16-min postclosure). Fluorescence intensity of PAR-2-GFP and PAR-6-mCherry
was measured using ImageJ. Taking individual frames of
the kymographs and tracing the cleavage furrow, using the
line tool in ImageJ, and measuring the fluorescence inten-
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sity of the selected area, accomplished this. Fluorescence
intensity of the cytoplasmic area was also measured prior
to cleavage furrow ingression. All other measurements were
standardized to this fluorescence intensity, and treated as a
fold-change value. Measurements were taken from each
embryo and an average was obtained, seen in the graphs of
Figs. 3 and 4. In Fig. 2, phenotypes were quantified by
counting embryos under a 10, 1.4 NA Plan-Apochromat
objective while suspended in Shelton’s Growth Media.
Each experiment in Fig. 2 was conducted four separate
times. The results are displayed in two ways (E and F). In
both E and F, embryos were quantified based on terminal
phenotype. In E, embryos from all four experiments were
pooled together for analysis where n is the total number of
embryos. Percentages of each phenotype were quantified
together from all four experiments in E. In F, percentages
of the terminal phenotypes were calculated separately from
each of the four experiments and averaged together. The
bars shown indicate standard error. This accounts for
reproducibility and variability between experiments.
Statistical Analysis

To examine the effects of PAR protein depletion, through
fRNAi, on PAR-6-mCherry, PAR-2-GFP, and DYN-1-GFP
fluorescence intensity at the cleavage furrow was determined. We treated all fluorescence intensity values as a fold
change value, as describe above in Quantification. An average fold change value was calculated for wild type and PAR
depleted embryos. The average fold change values of wild
type PAR-1, PAR-2, PAR-3, and PAR-6 depletions were
compared at every time point by analysis of variation
(ANOVA). The time points that yielded a significant difference were then subjected to post hoc testing to determine
which PAR depletions lead to a significant change in PAR6-mCherry, PAR-2-GFP, or DYN-1-GFP fluorescence. A Pvalue of <0.05 was considered statistically significant. Time
points that were considered significantly different from wild
type mean fluorescence values were marked with asterisks.
Error bars on graphs indicate standard error.
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