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Abstract

In C. elegans, the anterior-posterior axis is established at the one-cell stage when the embryo
polarizes along its long axis. One model suggests that a cue from the centrosome triggers
symmetry breaking and is then dispensable for further steps in the process. In the absence of the
initial centrosome cue, a redundant mechanism, reliant on the centrosome’s microtubules, can
polarize the cell. Despite this model, data from multiple sources suggest that direct centrosome-
contact with the cortex may play a role in ensuring robust polarization. Some of this past work
includes analysis of pam-1 mutants, which lack a functional puromycin-sensitive aminopeptidase
and have aberrant centrosome positioning and variable polarization defects. To better understand
the role of centrosome dynamics in polarization, we looked in detail at centrosome behavior in
relation to key polarity landmarks in pam-1 mutants as well as those lacking cortical flows. We
provide evidence for a model in which sustained direct contact between the centrosome and the
cortex acts to reinforce both the actomyosin and the microtubule-dependent pathways. This
contact is necessary for polarization when flows are inhibited.
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Introduction

In Caenorhabditis elegans, the anterior-posterior axis is established shortly after fertilization
through reorganization of the cortical cytoskeleton. A cue from the centrosome leads to
symmetry breaking, when the first difference in cortical contractility along the axis is
observed (Bienkowska and Cowan, 2012; Cheeks et al., 2004; Cowan and Hyman, 2004;
Cuenca et al., 2003; Munro et al., 2004). Symmetry breaking begins as the smoothening of a
small patch of the cortex near the centrosome to mark the future posterior pole. This comes
about due to local inactivation of ECT-2 and the RHO-1 G protein and destabilization of the
actin-myosin cytoskeleton (Jenkins et al., 2006; Tse et al., 2012). This symmetry breaking
then leads to full polarity establishment, in which anteriorly-directed cortical flows move
non-muscle myosin toward the anterior pole (Munro et al., 2004) and interior cytoplasm
moves posteriorly, moving the centrosome into close contact with the posterior cortex (Hird
and White, 1993). As a result, the entire posterior cortex becomes smooth while the anterior
cortex exhibits continued contractility (Hird and White, 1993). At the boundary between
these two domains is the pseudocleavage furrow, a transient ingression of the cell membrane
that serves as a clear sign that polarization has taken place.

During symmetry breaking, the cortical PAR proteins begin to localize to distinct domains
along the cortex, a localization that stabilizes during polarity establishment (Griffin, 2015;
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Rose and Kemphues, 1998). The PAR proteins PAR-3 and PAR-6 clear from a small cortical
patch in the posterior and later become limited to the anterior half of the cortex. This allows
posterior PAR proteins PAR-1 and PAR-2 to load to the posterior cortex, ultimately
occupying the entire posterior half of the embryo (Cuenca et al., 2003). The PAR proteins
then mediate further asymmetries in the embryo that result in an asymmetric first division.

How the centrosome initiates symmetry breaking and its role in polarity establishment has
been the subject of numerous studies (Bienkowska and Cowan, 2012; Cowan and Hyman,
2004; Fortin et al., 2010; Goldstein and Hird, 1996; Hamill et al., 2002; Lyczak et al., 2006;
Rappleye et al., 2002; Sadler and Shakes, 2000). Shortly after the completion of meiosis, the
centrosome is positioned close to the future posterior pole where it acts to cue cell
polarization. In experiments in which the centrosome was ablated at different time points, it
was determined that the centrosome is needed for initiation but not maintenance of cell
polarity. This role is independent of the centrosome’s role in microtubule nucleation (Cowan
and Hyman, 2004; Sonneville and Gonczy, 2004; Tsai and Ahringer, 2007). However, the
microtubules appear to be necessary for polarization in the absence of cortical flows (Motegi
et al., 2011; Zonies et al., 2010). Thus, it has been proposed that there are two redundant
mechanisms for initiating polarity — the first through an unknown centrosome cue to initiate
flows and a second through microtubule loading of PAR-2 to the posterior cortex (Motegi
and Seydoux, 2013).

The nature of the initial centrosome cue is unknown. Some work suggests that the
centrosome can initiate AP polarity establishment from a distance. The centrosome is
typically 2—7um from the cell cortex at the time of polarity initiation (Bienkowska and
Cowan, 2012). Distances further than this delay symmetry breaking both in wild-type and in
some mutants, but do not prevent the process (Bienkowska and Cowan, 2012; McCloskey
and Kemphues, 2012). Thus, a model in which initial centrosome distance from the cortex
impacts polarity has been put forth. Once close enough to the cortex, the centrosome cues
symmetry breaking, which is thought to be enough to lead to full polarization.

After symmetry breaking, flows of cytoplasm quickly move the centrosome toward a tight
association with the posterior cortex. While this substantiates the idea that the centrosome
may initiate polarity from anywhere in the cell, it fails to account for a potentially-continued
role of the centrosome after initiation. In fact, research on centrosome positioning mutants
has shown that distance from the cortex influences both the degree of success at polarity
initiation and also maintenance of polarity. In embryos in which the centrosomes move
prematurely from the cortex or spend less time in contact with the cortex, cell polarity
phenotypes range from a complete lack of axis establishment to a failure to maintain
polarization after initiation (Fortin et al., 2010; Lyczak et al., 2006; McCloskey and
Kemphues, 2012). Similarly, when centrosomes are ablated after symmetry breaking,
polarization is less robust, as posterior PAR domains are smaller (Cowan and Hyman, 2004).
Thus, it is still an open question as to whether direct centrosome-cortical contact plays a role
in axis polarization.

Little is known about the proteins that regulate centrosome positioning at the time of cell
polarization. Initial proximity to the posterior cortex seems to depend on cytoplasmic
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microtubules (Bienkowska and Cowan, 2012). Factors that regulate protein turnover have
also been implicated in this process. Mutations that disrupt the puromycin-sensitive
aminopeptidase PAM-1 have aberrant centrosome movements that result in a failure to
polarize (Fortin et al., 2010; Lyczak et al., 2006). This aminopeptidase is hypothesized to be
involved in peptide activation or peptide degradation through the proteasome (Lyczak et al.,
2006). Similarly, centrosomes are mislocalized when deubiquitylation machinery
components (DUBSs) are disrupted. math-33, usp-46, and usp-47encode for deubiquitylation
enzymes that when disrupted in isolation have no effect on polarity. However, in
combination, these mutants show centrosome positioning defects that lead to polarity
problems. Interestingly, math-33 mutants combined with RNAI for pam-1 show
enhancement of the initial centrosome positioning defect (McCloskey and Kemphues, 2012).
Mispositioning of the centrosomes is the cause of the polarization defects in these mutants,
because when dynein is inactivated in pam-1 or DUB mutants, the centrosomes remain in
tight association with the posterior cortex and these embryos exhibit proper polarization
(Fortin et al., 2010; McCloskey and Kemphues, 2012). Thus, these proteins all appear to
regulate polarity through centrosome positioning. However, it is not clear if PAM-1 works in
a common pathway with DUBSs or in two separate pathways, nor what the targets of these
pathways are.

While distance from the cortex has been shown to dictate the extent of polarization
(Bienkowska and Cowan, 2012; McCloskey and Kemphues, 2012), the timing of this
contact, and the duration of this contact required for both initiation and maintenance of
polarity, are not well understood. pam-1 mutants provide a system to better understand the
relative importance of these interactions due to the variable expressivity of the phenotype.
Centrosome dynamics vary among embryos both in proximity, timing of contact, and
duration of contact. In addition, while some pam-1 mutant embryos show no signs of
polarization, others polarize normally, or show initial polarization that is lost prior to the first
cell division (Fortin et al., 2010; Lyczak et al., 2006). In this study, we have used this
variability to better understand the relative importance of centrosome-cortical distance,
timing, and duration in both the initiation and the sustained polarization of the anterior-
posterior axis.

Here we provide evidence that sustained centrosome-cortical contact is necessary for proper
polarization when cortical flows are compromised. By studying pam-1 mutants and those
lacking cortical flows, we have found that direct contact between the centrosome and the
cortex can reinforce both the actomyosin and the microtubule-dependent polarity
establishment pathways.

Materials and Methods

Strain maintenance

C. elegans strains were propagated on NGM plates as previously described (Brenner, 1974).
Worms were grown at 20°C or 15°C (pam-1 mutant strains). WT and pam-1 strains were
shifted to 25°C for at least 5 hours prior to imaging. pam-1(or403) was used for all analysis
(Lyczak et al., 2006). The following transgenic constructs were used: ruls32
[pie-1::GFP::H2B + unc-119(+)] and ruls57 [pie-1p::GFP::tubulin + unc-119(+)] (Praitis et
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al., 2001); ItIs37 [pie-1p::mCherry::his-58 (pAA64) + unc-119(+)]; xnls3
[par-6:PAR-6::GFP + unc-119 (+)] (Anderson et al., 2008); ddls6 [tbg-1::GFP + unc-119
(+)]; ax1s1327 [par-1::GFP]; ruls48[pAZ147 Ppie-1::tbb-2::GFP]. LP162,
nmy-2(cp13[nmy-2::gfp + LoxP]) was used to image cortical activity.

Bacteria expressing double stranded RNA were used and feeding RNAIi was performed as
described (Cockell et al., 2004; Fortin et al., 2010; Kamath et al., 2003; McCloskey and
Kemphues, 2012). Feeding RNAi worms were shifted to 25°C before imaging. To ensure
effective knock-down of nmy-2, loss of GFP in the LP162 strain was used as a control.

Imaging and analysis

Embryos were imaged on 3% agarose pads as previously described (Lyczak et al., 2006).
Imaging was performed on a Nikon C1 confocal with EZC1 software or a Nikon C2
confocal with NIS-Elements AR 4.20 software. Z-stack time-lapse images were taken every
15 seconds with 1.5-2.0um between Z frames (for centrosome analysis) or 5 pm between Z
frames for NMY-2 analysis. Centrosome measurements from the cortex were gathered using
NIS-Elements software and measurements were only made from time lapse sequences in
which the centrosome appeared after the start of imaging and were measured in the X-Y
plane. Contact times were made relative to nuclear envelope breakdown (NEBD). Nuclear
envelope breakdown was defined as the first frame when a clear delineation between nuclear
and cytoplasmic GFP was lost.

The extent of localization of PAR-1 at a landmark event of the cell cycle, nuclear envelope
breakdown, was measured in the one-cell embryo using NIS-Elements. The length of the
embryo was measured and the PAR-1 domain length was defined as the farthest anterior
point along the cortex to which GFP::PAR-1 was observed. These two measurements were
used to determine the percent embryo length of PAR-1 localization.

Statistical analysis

All graphs were generated using Excel and statistical significance was determined using a
two-sided two-sample unequal variance t-test. Linear regression was completed using SAS
9.2.

Results and Discussion

The role of the centrosome in polarity establishment is still poorly understood. The identity
of the centrosome cue, the role of centrosome-cortical contact, and the timing of these events
have not been fully dissected. To learn more about of the centrosome’s role in polarity
establishment, we first compared a series of polarity markers, some not previously
examined, in wild-type and pam-1 mutant embryos, so that they could be correlated with
centrosome behavior. The initial sign of polarization is symmetry breaking, defined as the
point where the centrosome initiates cortical smoothening in the posterior (Bienkowska and
Cowan, 2012) (Figure 1A). In wild-type embryos, the initial symmetry breaking point then
extends as the anterior and posterior cortex exhibit differences in contractility. The ultimate
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consequence of these differences is a deep pseudocleavage furrow that separates the anterior
and posterior domains (Hird and White, 1993). In wild-type, nearly all embryos we
examined exhibited normal symmetry breaking (n=31/32) followed by pseudocleavage
(Figure 1 A-B). These two events were usually coupled in wild-type; the one embryo that
did not exhibit symmetry breaking also did not have pseudocleavage, while a few other wild-
type embryos had weak or absent pseudocleavage after symmetry breaking (Figure 1B).

In pam-1 mutant embryos, these initial polarity landmarks were not always present, and
were often decoupled. In comparison to wild-type, pam-1 mutant embryos exhibited
symmetry breaking only 83% of time, while defects in pseudocleavage were more frequent
(Figure 1 A-B; n=64) (Lyczak et al., 2006). Only 6% of pam-1 mutant embryos had normal
pseudocleavage, while the remainder were split between those with weak pseudocleavage
and those that lacked any signs of pseudocleavage. When pseudocleavage was looked at in
relation to symmetry breaking, we noticed that nearly all embryos that lacked symmetry
breaking (n=11) also lacked pseudocleavage (n=10/11), suggesting a link between the
processes. However, when we looked at embryos that did exhibit the initial symmetry
breaking event (n=53), we noted that only 7.5% of these embryos went on to exhibit normal
pseudocleavage. The remaining embryos exhibited weak pseudocleavage (57%) or lacked
pseudocleavage completely (36%). Thus, the initial symmetry breaking event did not always
lead to full polarization. In wild-type, and in the current polarization model, full polarization
follows after initiation from the centrosome (Bienkowska and Cowan, 2012; Cowan and
Hyman, 2004). Our data suggests that PAM-1 is necessary for polarization following the
initial symmetry breaking event.

In a previous study, we observed defects in PAR localization in pam-1 mutant embryos
(Fortin et al., 2010; Lyczak et al., 2006). We wanted to quantify the extent of posterior PAR
localization in pam-1 mutants as another measure of the extent of polarization. Using a
PAR-1::GFP strain, we measured the extent of the PAR domains in wild-type and pam-1
mutants at the time of nuclear envelope breakdown (NEBD). All wild-type embryos, except
the one that failed at symmetry breaking and pseudocleavage, exhibited normal PAR-1
posterior localization (Figure 1 A,C). This domain extended to about 42% of the embryo
length at NEBD (Figure 1 D; n=32). In contrast, 10% of pam-1 mutant embryos exhibited no
posterior PAR-1 localization at any time (Figure 1A, C). Some of these embryos had no
cortical PAR-1 localization, while others had some anterior or lateral localization. While
90% of pam-1 mutant embryos had some posterior PAR-1 localization by NEBD, many had
mislocalization prior to this time, or had additional anterior localization as well. About 20%
of the embryos with eventual posterior localization had initial PAR-1 patches at the anterior
to lateral cortex. In addition, 39% of all the posterior PAR-1 embryos had a second small
domain of PAR-1 to the anterior, near the polar body (Figure 1C). We measured the domain
of PAR-1 in pam-1 mutants where it localized to the posterior and found the domain to be
substantially smaller than in wild-type, extending only 31% of the embryo length (Figure
1D; n=46; p<0.0001). Thus, even pam-1 mutant embryos that show signs of polarity have
defects in the extent of polarization.
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Initial centrosome distance from the cortex is similar in pam-1 mutant and wild-type

embryos

Previous work has shown the importance of the initial centrosome distance from the cortex
in the timing and establishment of polarity (Bienkowska and Cowan, 2012; McCloskey and
Kemphues, 2012). Additionally, our work has shown that pam-1 mutant embryos exhibit
aberrant centrosome positioning that causes the polarity defects (Fortin et al., 2010). Thus,
we wanted to measure the initial position of the centrosome in relation to the cortex in both
wild-type and pam-1 mutants and to correlate these distances with polarity landmarks.
Centrosomes in wild-type embryos appeared at an average of 1.97 um from the cortex (Table
1 and Figure 2A), which was not significantly different from the centrosomes of pam-1
mutants, which initially appeared at an average of 1.71 um from the cortex (Table 1 and
Figure 2A; p=0.59). This similarity between wild-type and pam-1 mutants in initial
centrosome position separates pam-1 from other centrosome positioning mutants
(McCloskey and Kemphues, 2012) and suggests that PAM-1 affects centrosome positioning
after initial centrosome appearance.

We then looked at the time required to break symmetry in these embryos from the first
appearance of the centrosome. Overall, the time between centrosome appearance and
symmetry breaking did not significantly differ between pam-1 mutant and wild-type
embryos (Figure 2B; p=0.36). We used linear regression analysis to understand the
correlation between centrosome distance from the cortex and the time required for symmetry
breaking (Figure 2B). Prior studies have found that close proximity of the centrosome
decreased the time that was required for symmetry breaking to occur, thus increasing the
efficiency of polarity establishment (Bienkowska and Cowan, 2012). Despite much more
variability in timing at the smaller distances, we found that for wild-type, the correlation of
the variables were significant (R = 0.3485, P=0.0030, n=23), similar to past work
(Bienkowska and Cowan, 2012). Smaller initial distances correlated with faster symmetry
breaking. However, for pam-1 mutants, the correlation of the variables was not significant
(R% = 0.0478, P=0.2002, n=36). Despite this, the trend lines for wild-type and pam-1
mutants were similar (Figure 2B). We next looked at the centrosome distance in embryos
that break symmetry and those that did not. When centrosome-cortical distance in pam-1
embryos with and without symmetry-breaking were compared to wild-type embryos with
normal symmetry breaking, no significant difference was observed (Table 1; p=0.78,
p=0.61). It is interesting to note however that the one wild-type embryo that failed to initiate
symmetry breaking had a much larger centrosome-cortical distance. Thus, in pam-1 mutant
embryos we could not find a connection between initial distance of the centrosome from the
cortex and the time to symmetry breaking.

Next we examined pseudocleavage to see if centrosome-cortical distance affected this
polarity landmark. When we compared pam-1 embryos with weak or absent pseudocleavage
to wild-type embryos that exhibited normal pseudocleavage, the centrosome-cortical
distance was not significantly different (Table 1; p=0.97, p=0.75). Thus, while the majority
of pam-1 mutant embryos exhibited aberrant pseudocleavage, this was not correlated with
differences in cortical-centrosome distance. Interestingly, while sample size was small, we
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did notice a trend in wild-type embryos with larger initial centrosome-cortex distances more
likely to show aberrations in pseudocleavage (Table 1).

Finally, to see if variation in centrosome distance could impact the extent of localization of
PAR-1, we conducted statistical analysis through correlation and linear regression of both
wild-type and pam-1 data. For both wild-type and pam-1 data, we detected no significant
correlation between centrosome distance from the cortex and the extent of PAR-1
localization (WT: R2 = 0.0016, P=0.8562, n=23, pam-1.R? = 0.1316, P=0.1060, n=21).
Wild-type embryos all showed consistent PAR-1 localization, while the variation in pam-1
mutant embryos did not relate to the centrosome distance (Figure 2C).

In the current model, close proximity of the centrosome to the cortex is thought to be
sufficient to trigger symmetry breaking and axis polarization (Bienkowska and Cowan,
2012). Mutants in which the centrosomes appear farther from the cortex have delayed or
absent polarization (McCloskey and Kemphues, 2012). However, our data with pam-1
mutants indicates that close centrosome-cortical proximity is not sufficient for polarization
in these mutants. The initial distance of the centrosome to the cortex was similar in pam-1
mutants to wild-type (Figure 2), even though most pam-1 mutants had polarity defects
(Figure 1). In addition, we found similarities in the centrosome-cortical distance in embryos
that polarized well compared to those that polarized poorly. This similarity between wild-
type and pam-1 mutants in initial centrosome position separates pam-1 from other
centrosome positioning mutants (McCloskey and Kemphues, 2012) and suggests PAM-1
impacts the centrosome after its initial appearance.

Timing of centrosome contact at the cortex does not affect polarization

In wild-type, the centrosome cues symmetry breaking from a distance, but following this
event, the centrosome is brought into tight association with the cortex. These events happen
together in wild-type and have not been studied separately to determine if this later tight
association is required for full polarization. In our previous work, we found that polarity
could be restored to pam-1 mutants when centrosomes were in sustained contact with the
cortex (Fortin et al., 2010). When we inactivated dynein heavy chain, the centrosome
remained in contact with the cortex and polarized normally. Thus, we looked next at the
timing and duration of direct centrosome-cortex interaction.

First, we examined the timing of the close contact during the embryonic cell cycle (Figure
3A). Since pam-1 mutants have a delayed meiotic exit (Lyczak et al., 2006), we wanted to
see if centrosome contact was occurring at a time different from wild-type. This contact
timing was defined as the time the centrosome initiated and terminated cortical contact
relative to nuclear envelope breakdown (NEBD). We observed that wild-type embryos had
centrosome-cortical contact beginning 10.59 minutes prior to NEBD and ending about 7.38
minutes prior to NEBD (Figure 3A-B; n=32 and n=39 respectively). In pam-1 mutant
embryos where the centrosome contacted the cortex, it occurred earlier, starting 13 minutes
prior to NEBD and ending 11.67 minutes prior to NEBD (Figure 3A-B; n=31 and 43
respectively). When we looked in strains carrying histone::GFP, to carefully discern the cell-
cycle stage of the embryos, we noticed another difference between the two strains. In wild-
type, the majority of embryos were in the pronuclear stage at the start of centrosome contact
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(n=19/22) while the remainder were in meiotic exit. By the end of centrosome contact, all
wild-type embryos were in the pronuclear stage. However, in pam-1 mutants, only one
exhibited contact during the pronuclear stage (n=14) while the remainder had centrosome
contact during meiotic exit (Figure 3C). This change in timing is most likely due to the
meiotic delay exhibited by pam-1 mutant embryos (Lyczak et al., 2006). Thus, relative to
nuclear envelope break down, the centrosome left the cortex in pam-1 mutants before it
started making contact in wild-type embryos.

We next asked if the difference in centrosome-cortical contact timing correlated with the
polarity defects. To do this, we separated pam-I mutant embryos into three classes based on
the extent of pseudocleavage (Figure 3D n=17, 22, 4). When embryos were separated, we
noted that all pam-1 classes still had contact timing earlier in the cell cycle compared to
wild-type (p<0.0001; p<0.01; p<0.01). Both embryos that polarized well and those that
polarized poorly exhibited earlier contact times. This lack of correlation suggests that the
timing of contact is not a factor in polarization success. The earlier contact times in pam-1
embryos are most likely the result of the meiotic exit delays exhibited by pam-I mutants. In
our prior work, we showed that the meiotic exit delays are separable and not the cause of the
polarity defects (Lyczak et al., 2006). When normal meiotic timing was restored through
inactivation of cyclin B, embryos still failed to polarize. These results taken with our new
data provide additional evidence that timing of centrosome-cortical contact is not a factor in
polarization.

Duration of centrosome-cortical contact affects polarization

As centrosome distance and the timing of centrosome-cortical contact did not correlate with
polarity defects in pam-1 mutant embryos, we hypothesized that centrosomes must contact
the cortex for a specific amount of time to polarize the axis. Thus, we measured the duration
of centrosome-cortical contact. In wild-type, the centrosome made contact with the cortex in
94.91% of the embryos examined (n=59). In contrast, the centrosome made contact with the
cortex in 86.11% of pam-1 mutant embryos (n=72). We also found that the duration of
centrosome-cortex was significantly shorter in pam-1 mutant embryos compared to wild-
type (p<0.001; Figure 4A). While wild-type embryos had contact durations of 3.25 minutes
on average, pam-1embryos had contact durations of 2.14 minutes. Thus, centrosomes spend
less time at the cortex in pam-1 mutant embryos compared to wild-type.

As we did for other centrosome behaviors, we looked at the relationship between contact
duration and symmetry breaking, pseudocleavage, and PAR-1 polarization. As wild-type and
pam-1 mutant embryos exhibit no significant difference in the timing for symmetry
breaking, and symmetry breaking occurs prior to centrosome-cortical contact, we asked if
there was a relationship between symmetry breaking and subsequent centrosome-cortical
contact. Symmetry breaking was scored for 49 pam-1 mutants and observed in all but eight.
Of the eight that did not show symmetry breaking, most had centrosomes that never
contacted the cortex (n=6/8) and the others had very short contact durations. On average, in
pam-1 mutant embryos without symmetry breaking, the contact duration of the centrosome
with the cortex was 0.14 + 0.27 minutes as compared to 2.02+ 1.65 minutes in the embryos
that did show symmetry breaking (p<0.0001). Likewise, while only one wild-type embryo
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did not break symmetry, we noted that it also did not show any centrosome-cortical contact.
Thus, it is possible that symmetry breaking is required for subsequent centrosome-cortical
contact.

Next we divided our pam-1 mutant and wild-type embryos into those that exhibited normal
pseudocleavage (n=5/72; n=54/59), those with weak pseudocleavage (n=28/72; n=2/59) and
those without pseudocleavage (n=39/72; n=3/59) Figure 4A-B). When this was done, we
saw that pam-1 embryos with strong pseudocleavage had duration times more similar to
wild-type (p=0.19). In contrast, pam-1 embryos with either weak or absent pseudocleavage
exhibited significantly shorter contact durations (p=0.002; p=0.0001). In addition, of the ten
pam-1 mutants in which no centrosome contact was observed, seven exhibited no
pseudocleavage and the others had very weak pseudocleavage. Thus, increased centrosome-
cortical durations correlated with better polarization.

Similarly, we looked at the role of centrosome-cortex contact duration and the extent of
PAR-1 localization to the posterior (Figure 4C-D). When we separated embryos into those
with and without posterior PAR-1 localization, we found significantly shorter contact
durations in those embryos without posterior PAR-1 (Table 2). We then looked at the size of
the posterior PAR-1 domains. Using linear regression analysis, we found no association
between contact duration and wild-type PAR domain size (R2 = 0.0165, P=0.5593, n=23).
This was largely due to the striking consistency of PAR-1 domains among wild-type
embryos, as well as consistency of centrosome-cortical contact durations in wild-type. In
contrast, there was a significant association observed in pam-1 mutant embryos (R? =
0.2014, P=0.0317, n=23). Shorter contact durations were strongly correlated with smaller
posterior PAR-1 domains while longer durations had PAR-1 domains more similar to wild-
type (Figure 4C-D). We hypothesized that PAR-1 domain size would be closer to wild-type,
if we could increase the contact duration in pam-1 mutants. Previously we showed that
inactivation of dynein heavy chain (dhc-1) in pam-1 mutants rescued polarity by preventing
the centrosome from leaving the cortex (Fortin et al., 2010). Thus, we repeated this
experiment and measured the PAR-1 domain size. We found that PAR domains were larger
in pam-1; dhc-1(RNAJ) embryos as compared to pam-1 alone (Figure 4E). In addition, both
ahc-1(RNAi) and pam-1; dhec-1(RNAI) embryos had PAR-1 domain sizes similar to wild-
type (Figure 4E; p=0.48 and p=0.29 respectively). Taken together, these data suggest that the
polarity phenotypes in pam-1 embryos correlate with shortened centrosome-cortical contact
and suggest that sustained centrosome-cortical contact is necessary for complete polarization
in these mutants.

Role of centrosome-cortical contact

We next sought to examine how centrosome-cortex contact may influence the polarity cuing
process. Does the centrosome contact reinforce the actomyosin flow pathway, the
microtubule pathway, or both? To do this, we first asked if cortical flows are necessary to
induce centrosome-cortical contact. We inactivated non-muscle myosin 2 (nmy-2), a protein
previously shown to be necessary for cortical flows (Shelton et al., 1999). In all
nmy-2(RNAi) embryos, we observed no difference in cortical activity along the axis or
pseudocleavage, as previously reported (Figure 5A; n=16). We looked at centrosome
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positioning in these embryos and observed that centrosome-cortical contact occurred in only
50% of these embryos. While overall durations averaged 1.11 minutes (Table 2), when we
averaged only embryos with centrosome contact, duration times were 2.23 + 0.89 minutes.
This duration, is similar to those seen in pam-1 mutants. Thus, while the centrosome can
make contact with the cortex in the absence of flows, it does not occur with reproducibility.
The similarity of centrosome-cortical timing between pam-1 and nmy-2(RNAi) embryos
could mean that shortened durations in pam-1 mutants are a result of defects in cortical flow.

To look at this in more detail, next we examined NMY-2 foci using NMY-2::GFP in pam-1
mutants. In wild-type, all embryos showed NMY-2 foci throughout the cortex prior to
polarization, which cleared from the posterior during polarization (Figure 5C; n= 10; Munro
et al., 2004). To have a comparison of myosin in embryos that fail to elicit cortical flows due
to a centrosome defect, we looked at spa-5(RNAQ) embryos. These embryos all showed
normal NMY-2 foci that did not clear from the cortex (data not shown; n=9; Munro et al.,
2004). When we examined pam-1 embryos, we noted that the NMY-2 foci appeared more
sparsely arranged and larger, suggesting that PAM-1 may regulate the actomyosin
cytoskeleton. As expected from the pam-1 pseudocleavage data (Figure 1B), we saw no
posterior clearing or pseudocleavage in 58% of embryos, weak clearing and weak
pseudocleavage in 33% of embryos and saw only one embryo with normal NMY-2 clearing
and pseudocleavage (Figure 5C; n=12). Thus, it is possible that weak or absent flows in
pam-1 mutants, may cause reduced centrosome-cortical contact. While this is likely, it does
not explain how increased centrosome-cortical contact leads to better polarization outcomes.

How then does increased centrosome-cortical contact enhance polarization? Centrosome-
cortical contact may enhance the microtubule-dependent polarity pathway, the actomyosin
cortical flow pathway, or both. First we looked at the role of centrosome contact in embryos
lacking the actomyosin pathway. Previously it was shown that in the absence of cortical
flows, PAR-2 loads to the cortex through a microtubule dependent pathway, where it can
then recruit PAR-1 (Motegi et al., 2011; Zonies et al., 2010). To address the role of
centrosome-cortical contact in the absence of flows, we asked if PAR localization correlated
with centrosome contact in nmy-2(RNAi) embryos. We found that only 56% of the
nmy-2(RNAi) embryos had PAR localization at NEBD. We looked separately at embryos in
which the centrosome contacted the cortex and those that did not and noticed a trend. While
75% of the embryos with centrosomecortical contact exhibited PAR localization, only 37.5%
of embryos without centrosome-cortical contact did. Similarly, when we divided embryos by
PAR localization, we noticed a trend toward shorter centrosome-cortex durations in embryos
without PAR (Table 2; p=0.10). We next increased centrosome-cortical contact in embryos
without flows, to see if increased contact enhanced polarity. To do this, we looked at
embryos in which both nmy-2and dhc-1 were inactivated. In these embryos, pseudocleavage
failed due to the lack of flows, but the centrosome contacted the cortex in all embryos
(n=12). Surprisingly, despite the lack of flows, PAR-1 localized to the cortex at NEBD in
92% of these embryos. This suggests that while flows may push the centrosome to the cortex
in wild-type embryos, prolonged centrosome-cortical contact promotes PAR loading in the
absence of cortical flows. Thus, our data suggests that centrosome-cortical contact can
promote polarization through the microtubule-dependent pathway.
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Because centrosome-cortical contact can enhance polarization through the microtubule
pathway, next we asked if the centrosome-cortical contact in pam-1 mutant enhances
polarity through only the microtubule-dependent polarization pathway or through the
actomyosin pathway as well. First we compared the timing of PAR-1 loading to the cortex in
pam-1embryos as compared to embryos that lack flows (Figure 5B). In nmy-2(RNAI)
embryos that localized PAR-1, PAR first became visible at the posterior about four minutes
prior to NEBD, while in wild-type and pam-1 mutants, this occurred nine and eleven
minutes prior to NEBD, respectively (Figure 5B). This delay in posterior PAR localization in
nmy-2 embryos, was previously shown to be caused by reliance on the microtubule pathway
(Motegi et al., 2011; Zonies et al., 2010) suggesting that pam-1 embryos may also use the
flow dependent pathway. To see if centrosome-cortical contact in pam-1 embryos enhanced
the flow-dependent polarity pathway we first looked at pseudocleavage, a visual sign of
cortical flow. Strong pseudocleavage occurred in pam-1 embryos with longer duration times
(Figure 4B). Even more striking, was the change in pseudocleavage in pam-1, dhc-1(RNAI)
embryos. The embryos have increased centrosome-cortical contact but also all exhibit strong
pseudocleavage and PAR polarity in all cases (Fortin et al., 2010 Figure 4E), suggesting
enhanced flows. To see if NMY-2 clearing was restored when centrosome-cortical contact is
enhanced, we looked at NMY-2::GFP in pam-1,;dhc-1(RNAi) embryos. While NMY-2 foci
were sparse and large similarly to pam-1 mutants alone, all embryos examined exhibited
posterior NMY-2 clearing as well as pseudocleavage (Figure 5C; n=6). Thus, prolonged
centrosome-cortical contact seems to enhance polarization through the actomyosin pathway
as well as the microtubule-dependent pathway.

Conclusions

Here we provide evidence for a role of sustained centrosome-cortical contact in the
polarization process. While this has been suggested from prior analysis of pam-1 mutants
and other centrosome positioning mutants, a role for sustained contact has not previously
been incorporated in the current model for axis establishment.

From our data, we propose a role for sustained centrosome-cortical contact in enhancement
of both the actomyosin and the microtubule polarity establishment pathways (Figure 5D).
The initial centrosome cue leads to local destabilization of the actomyosin cytoskeleton in
the posterior, when still at a distance from the cortex (Bienkowska and Cowan, 2012; Cowan
and Hyman, 2004; Munro et al., 2004). This initiates cortical flows that move the
centrosome to the cortex in embryos where this has not happened on its own (Hird and
White, 1993). Once at the cortex, the centrosome acts to reinforce polarity through
interaction with both pathways. This reinforcement is redundant in wild-type embryos,
where robust cortical flows are enough to fully polarize the embryo. However, our analysis
reveals that centrosome-cortex contact and the duration of that contact are necessary when
flows are reduced or inhibited. In the absence of flows, such as in nmy-2(RNAi) embryos,
the centrosome cues polarity through the microtubule-dependent pathway. This PAR
polarization is not always effective, and happens later than in wild-type embryos (Figure 5
and (Motegi et al., 2011; Zonies et al., 2010). We have shown that increased centrosome-
cortical contact in these embryos increases the effectiveness of PAR polarization, but this
polarization is still delayed, mostly likely due to reliance on the microtubule-dependent
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pathway. When actomyosin contractility is impaired but not absent, like in pam-1 embryos,
centrosome-cortical contact can act both to enhance destabilization of posterior actomyosin
as well as PAR localization. This can be seen in embryos lacking both pam-1 and dhc-1 and
in enhanced psuedocleavage in embryos with longer contact durations. Hence, while
centrosome-cortical contact is not required under normal cortical flow conditions, we
propose a model where it can act to enhance the actomyosin-dependent as well as the
microtubule-dependent polarity pathway in poor-flow conditions. Thus a continued role for
the centrosome, after initial symmetry breaking is proposed (Figure 5D).

While we favor the model above, an alternative model is that centrosome-cortical contact
only acts to enhance the microtubule-dependent polarity pathway. In this model, changes to
the actomyosin cortex may occur secondarily to microtubule-dependent loading of PAR in
pam-1embryos. While the dynamics of the polarization in pam-1 embryos point to the first
model, further experimentation will be needed to rule out this alternative possibility.

In addition to further insights into the role of the centrosome in polarization, our results also
add to an understanding of the role of PAM-1 in polarization. While further research is
necessary, the sparse and enlarged NMY-2 foci in pam-1 embryos suggest that PAM-1
regulates the actomyosin cytoskeleton. This may result in an inability to properly cue
polarity through posterior destabilization of the cytoskeleton and subsequent cortical flows
unless sustained centrosome-cortical contact follows. In both wild-type and pam-1 embryos,
the centrosome is initially positioned close to the future posterior cortex (Bienkowska and
Cowan, 2012; Cowan and Hyman, 2004). DUBs as well as the cytoplasmic microtubule
network are needed for the initial positioning near the cortex and initial distance from the
cortex influences the timing of symmetry breaking (Bienkowska and Cowan, 2012;
McCloskey and Kemphues, 2012). Although centrosomes are in close proximity to the
cortex in pam-1 mutant embryos, about 17% of the embryos do not break symmetry,
indicating that close proximity is not sufficient for breaking symmetry in these mutants.
Future studies will be needed to see if this is due to defects in the actomyosin cytoskeleton
and its ability to respond to the centrosome cue. Following symmetry breaking, cytoplasmic
flows ensure that the centrosome is positioned at the posterior cortex. The inability to elicit
asymmetric actomyosin contractility may explain the centrosome positioning defects in
pam-1embryos. Despite the need for further research on PAM-1’s mechanism of action, this
mutant has provided insights into the role of centrosome-cortical contact in ensuring
polarization of the anterior-posterior axis.
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Highlights
The centrosome is needed after the initial polarization cue.
Sustained centrosome-cortical contact leads to full polarity.

Contact enhances the actomyosin-dependent and microtubule-dependent
polarity pathways.

Dev Biol. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saturno et al. Page 17

A

70
- -3
3 =
@ §
Q £ w
* 0
10
e =] E=3
normal PC weak PC no PC
- aWT g pam-1
)
E
@
Q
C D

% phenotype
EREELEEEYE
PAR-1 (% emiryo length)

L &N s B

PAR-1 PAR-1 both no posterior WT peen-1
postenar only posterior and antenor PAR-1
BWT ¥ pam-1

Figure 1. pam-1 mutant embryos show defects in the establishment of polarity
A) In wild-type embryos, the centrosome (arrowhead; y-tub::GFP) appears close to the

posterior cortex and triggers symmetry breaking (SB) (*). This is followed by
pseudocleavage (PC) and localization of PAR-1 (GFP) to the posterior cortex. In pam-1
mutants, the centrosome is positioned similarly to wild-type at first and most embryos
exhibit SB. However, most embryos exhibit no or weak PC and small or mislocalized PAR-1
domains. Posterior is to the right in all images B) The percentage of wild-type and pam-1
mutant embryos with different polarity phenotypes (WT=32; pam-1=64). C) The percentage
of wild-type (n=33) and pam-1 mutant (n=51) embryos with different PAR-1 localizations,
as documented at the time of pronuclear envelope breakdown. D) pam-1 mutant embryos
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that localize PAR-1 posteriorly (n=46) exhibit smaller domains as compared to wild-type
(n=32). Standard deviation is shown. *** p < 0.0001.
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Figure 2. Polarity defects in pam-1 mutants are not caused by increased centrosome-cortical
distance

A) Centrosomes in both WT and pam-1 mutant embryos (arrowhead; y-tub::GFP) appear
near the cortex at the same relative distance and in most cases cue symmetry breaking (*).
Posterior is to the right in all images. B) While initial centrosome distance correlates with
increased time to symmetry breaking in WT embryos (n=23), this trend is not significant in
pam-1 mutant embryos (n=36). C) When distance from the cortex is plotted against the
extent of PAR-1 localization at NEBD, we see no correlation (WT n=23, pam-1n=21). Each
dot represents one embryo.
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Figure 3. The timing of centrosome-cortical contact does not correlate with polarity defects
A) In pam-1 mutants, the centrosome (y-tub::GFP) contacts the cortex earlier in the cell

cycle than WT. The times were measured back from nuclear envelope breakdown (NEBD).
Images show the start of centrosome-cortical contact and a pam-1 mutant embryo at a time
comparable to the start time for WT. Posterior is to the right in all images. B) Both the start
and end of centrosome-cortical contact are significantly different. (WT n=39; pam-1 n=43)
Standard deviations are shown. * p<0.01; *** p<0.0001. C) End of centrosome (arrowhead)
contact times in wild-type occurred during the pronuclear phase as viewed by histone::GFP.
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In pam-1 mutants, end of centrosome contact usually occurred prior to the appearance of
decondensed pronuclei. D) pam-1 mutant embryos were separated by extent of PC and end
of centrosome contact was compared (no PC n=17; weak PC n=22; PC n=4). The mean in
all three classes were different from WT. * p<0.01; *** p<0.0001. Box plots show range of
data with the box representing the upper and lower quartile and the median. Whiskers show
the max and min.
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Figure 4. Short centrosome-cortical contact duration correlates with more severe polarity defects
A) The centrosomes in pam-1 mutant embryos contact the cortex for a shorter time than WT.

When separated by extent of PC, embryos with normal PC have contact times comparable to
WT (p=0.20) Standard deviation is shown. p<0.01; ** p<0.001; ***p<0.0001. (WT: n=59,
54, 2, 3; pam-1:n=72, 5, 28, 39) B) pam-1 mutants with longer contact times show normal
pseudocleavage (arrowhead) as compared to those with shorter contact times. B-tub::GFP
and histone::GFP — posterior to the right. C) Linear regression modeling finds a significant
correlation between contact duration and the extent of posterior PAR-1 localization for
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pam-1 mutant embryos (n=23) but not WT (n=23). Each dot represents an embryo. D)
Longer contact durations in pam-1 mutants (lower right of each picture) result in larger
PAR-1 posterior domains and shorter contact durations result in smaller PAR-1 domains.
Images at NEBD stage. y-tub::GFP; PAR-1::GFP — posterior to the right. E) PAR-1 domains
are smaller in pam-1 embryos (n=46) as compared to WT (n=32). When dlic-1 is inactivated,
both WT (n=6) and pam-1 (n=14) embryos had PAR-1 domains similar to WT (p=0.48;
p=0.29). * p<0.05; *** p<0.0001. Box plots show range of data with the box representing
the upper and lower quartile and the median. Whiskers show the max and min.
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Figure 5. Centrosome-cortical contact enhances polarity through both the actomyosin-dependent
and microtubule-dependent pathways
A) In embryos with no cortical flows, in the absence of NMY-2, by NEBD PAR-1 localizes

to a small cortical patch 46% of the time. PAR-1::GFP and y-tub::GFP. When dhic-1 is also
inactivated, 92% of embryos now have PAR-1 localization at NEBD. B) pam-1 embryos
have sparse NMY-2 foci in the cortex as compared to WT. While WT embryos show
clearing of NMY-2 foci from the posterior after polarization, 58% of pam-1 mutants show
no clearing and 33% show weak clearing. When dhc-1 is inactivated in pam-1 mutants, all
embryos now show NMY-2 clearing from the posterior. NMY-2::GFP clearings shown with

Dev Biol. Author manuscript; available in PMC 2018 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saturno et al.

Page 25

a bracket; posterior is to the right. C) PAR-1::GFP localization to the posterior occurs later
when flows are absent. * p<0.05; *** p<0.0001 Standard deviation is shown. (WT: n=32;
pam-1:n=44; nmy-2(RNAi):n=8; nmy-2, dhc-1(RNAI). n=10) D) A revision to the model
of Motegi and Seydoux (2013). Centrosome-cortical contact enhances polarization through
the actomyosin-dependent and the microtubule-dependent pathways. This contact is
necessary when flows are weak or absent, but is redundant when cortical flows are strong.
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Table 1

Average distance of the centrosome from the cortex upon first appearance in relation to symmetry breaking
(SB) and extent of pseudocleavage (PC).

Centrosome- WT pam-1
cortical distance
(um)
All embryos 197+227 171+211
n=36 n=52
p=0.59
Embryos with 176 £1.90 1.63+2.08
SB n=35 n=46
p=0.78
Embryos 9.49 232+242
without SB n=1 n=6
p=0.61
Embryos with 1.66+1.74 0.61
normal PC n=32 n=1
Embryos with 396+4.04 164+1.88
weak PC n=2 n=28
p=0.97
Embryos 500+6.36 1.85+243
without PC n=2 n=23
p=0.75

Distances were sorted into presence, absence, or weak pseudocleavage. Standard deviation is shown. No significant differences between pam-1
classes and wild-type (WT) embryos were found. P values were calculated by comparing WT all to pam-1 all; pam-1 SB classes to WT with SB;
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and pam-1PC classes to WT with PC.

Dev Biol. Author manuscript; available in PMC 2018 February 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Saturno et al.

Table 2

Duration of centrosome contact with the cortex correlated with PAR-1 localization.

Duration of All
Centrosome-cortical Posterior ~ No posterior
contact (min) PAR-1 PAR-1
pam-1 181+143 210+140 082+1.13
n=26 n=20 n=6
p<0.0001
nmy-2(RNAI) 111+£130 157+135 0.61+1.03
n=16 n=9 n=7
p=0.10

Standard deviation is shown. p values shown compares two PAR classes for each strain.
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