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Cell polarity-dependent centrosome separation in
the C. elegans embryo
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In animal cells, faithful chromosome segregation depends on the assembly of a bipolar spindle driven by the timely separation
of the two centrosomes. Here we took advantage of the highly stereotypical cell divisions in Caenorhabditis elegans embryos to
identify new regulators of centrosome separation. We find that at the two-cell stage, the somatic AB cell initiates
centrosome separation later than the germline P1 cell. This difference is strongly exacerbated by the depletion of the kinesin-
13 KLP-7/MCAK, resulting in incomplete centrosome separation at NEBD in AB but not P1. Our genetic and cell biology data
indicate that this phenotype depends on cell polarity via the enrichment in AB of the mitotic kinase PLK-1, which itself limits

the cortical localization of the dynein-binding NuMA orthologue LIN-5. We postulate that the timely separation of

centrosomes is regulated in a cell type-dependent manner.

Introduction

Efficient formation of a bipolar spindle is essential for the proper
segregation of the genetic information into the two daughter
cells. The main microtubule organizing centers, the cen-
trosomes, are nonessential for mitosis; nevertheless, whenever
they are present, they play a dominant role in bipolar spindle
assembly. Failure or a delay in centrosome separation can lead to
chromosomes segregation defects, aneuploidy, and cell death
(Meraldi, 2016). As a consequence, mitosis and centrosome
separation are attractive targets for anti-cancer therapy
(Mazzorana et al., 2011).

In human cells, the timing of centrosome separation is vari-
able: in the prophase pathway, centrosome separation occurs
before nuclear envelope breakdown (NEBD) and the bipolar
spindle is established directly; in the prometaphase pathway, the
two centrosomes are juxtaposed at NEBD, resulting in a mo-
nopolar spindle configuration that only later becomes bipolar
(Mardin et al., 2013; Rattner and Berns, 1976; Rosenblatt, 2005;
Rosenblatt et al., 2004; Toso et al., 2009; Waters et al., 1993). Cells
using the prometaphase pathway tend to have a higher incidence
of chromosome mis-segregation, indicating a need for timely
centrosome separation (Kaseda et al., 2012; McHedlishvili et al.,
2012; Silkworth et al., 2012). The existence of the prometaphase
pathway is, however, not a tissue culture artifact, since cen-
trosomes of dividing keratinocytes are still anchored at the apical
membrane at NEBD, and centrosome separation is initiated only

during prometaphase (Poulson and Lechler, 2010). Overall this
high plasticity in timing implies that centrosome separation
must be under the control of several players acting in parallel.

In most organisms, the microtubule motor kinesin-5 (Eg-5 in
humans) is essential for centrosome separation (Ferenz et al.,
2010). Tetrameric Eg-5 cross-links anti-parallel microtubules
and pushes the centrosomes apart by sliding toward the micro-
tubule plus ends (Kapitein et al., 2005). In human cells, Eg-5
impairment by siRNA, antibodies, or chemical inhibitors re-
sults in monopolar spindle formation (Blangy et al., 1995;
Elbashir et al., 2001; Mayer et al., 1999). Nevertheless, other
microtubule-associated proteins are involved in centrosome
separation: another tetrameric microtubule motor, kinesin-12
(Kif15 in humans), accelerates centrosome separation and be-
comes essential when Eg-5 activity is partially inhibited
(Drechsler et al., 2014; Tanenbaum et al., 2009; Vanneste et al.,
2009). The microtubule minus end-directed dynein motor
complex participates in centrosome separation in two ways:
first, by pulling at the cell cortex on astral microtubules
(Vaisberg et al., 1993; van Heesbeen et al., 2014) and by pulling
centrosomes apart at the nuclear envelope (Raaijmakers et al.,
2012); and finally, MCAK, a member of the kinesin-13 microtu-
bule depolymerase family, becomes essential to keep cen-
trosomes separated when Eg-5 is inhibited (van Heesbeen et al.,
2017).
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Here, we aimed to identify new factors controlling centro-
some separation. We took advantage of the Caenorhabditis elegans
embryo as a model system since it is one of the rare organisms in
which Eg-5, called BMK-1, is not essential to drive centrosome
separation (Bishop et al., 2005). C. elegans embryos have very
stereotypical divisions and exclusively use the prophase cen-
trosome separation pathway (Hyman and White, 1987). It is,
however, possible to partially delay centrosome separation when
depleting the spindle positioning regulator Ga (De Simone et al.,
2016; Gotta and Ahringer, 2001). Here, we show that depletion of
the kinesin-13 KLP-7MCAK Jeads to a strong centrosome separa-
tion defect in the anterior AB cell in two-cell embryos, but not in
the posterior P1 cell. This defect is due to polarity-dependent
cytoplasmic accumulation of the mitotic kinase Polo-like ki-
nase 1 (PLK-1) in AB (Budirahardja and Goénczy, 2008; Nishi
et al., 2008; Rivers et al., 2008). PLK-1 inhibits centrosome
separation in AB by suppressing the cortical localization of the
dynein-binding LIN-5N"MA protein. We propose that cell polarity
modulates centrosome separation via PLK-1 and LIN-5.

Results

Depletion of the microtubule depolymerase KLP-7MAK results
in a centrosome separation defect in AB

To investigate the molecular mechanisms controlling bipolar
spindle assembly in early C. elegans embryos, we recorded 4D
time-lapse videos in a strain expressing YFP-a-tubulin and de-
pleted the orthologues of proteins known to regulate centrosome
separation in human cells: BMK-1, the Eg-5 orthologue; KLP-18,
the orthologue of the kinesin-12 Kifl5; and KLP-7, the MCAK
orthologue. Visual inspection of the videos indicated that cen-
trosomes in one-cell embryos depleted of BMK-1, KLP-18, and
KLP-7 were separated at NEBD (Bishop et al., 2005; Grill et al.,
2001; Saunders et al., 2007; Segbert et al., 2003; Srayko et al.,
2005). In two-cell embryos, however, KLP-7 depletion resulted
in a visible centrosome separation defect in the anterior AB cell,
but not the posterior P1 cell (Fig. 1 A). We calculated the ratio of
the 3D distance between the centrosomes and the diameter of
the nucleus in the time frame just before NEBD of both AB and P1
(Fig. S1) to analyze this phenotype in a quantitative manner. A
ratio of 1 indicated that the centrosomes are diametrically op-
posed at NEBD, whereas a lower ratio indicated a defect in
centrosome separation. In control embryos, the centrosomes
were diametrically opposed at NEBD in P1 (median = 0.97),
whereas in AB, centrosomes were slightly less separated (me-
dian = 0.90; for statistical significance and P values in all figures,
see Table S; Fig. 1, A and B). This phenotype was not dependent
on the strain, as it was observed in three different strain back-
grounds (TH65, JCC483, and SA250; Table S2) and indepen-
dently of an RNAi treatment (Fig. S1 D). In KLP-7-depleted
embryos, centrosomes were much closer at NEBD in AB (median
= 0.69) and somewhat closer in P1 (median = 0.90; Fig. 1, A and
B). This strong centrosome separation defect in AB was also
observed in three klp-7 mutant alleles (Connolly et al., 2015;
Gigant et al., 2017) and in two other strain backgrounds (Fig. S1C
and Fig. 1, C and D). In contrast, the extent of centrosome sep-
aration in AB and P1 cells of embryos depleted of BMK-1 or KLP-
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18 alone as well as in embryos codepleted of BMK-1 and KLP-18
was not statistically different from the one of control embryos
(Fig. 1, A and B).

The centrosome separation defect in klp-7 mutants could also
be observed in the next division, as centrosome separation was
incomplete in both ABa and ABp, the AB daughters (Fig. S1E). In
contrast, in P2, the germline precursor, centrosomes separated
as in the WT P2. Finally, in EMS, even though the median extent
of centrosome separation was statistically not significantly dif-
ferent from P2, we observed a higher variability, pointing to a
less robust process (Fig. S1 E). We conclude that the microtubule
depolymerase KLP-7 is required for efficient centrosome sepa-
ration in AB, and generally in somatic cells. This suggests that the
mechanisms of bipolar spindle assembly are cell type dependent.

Centrosome separation initiation is delayed in KLP-7-depleted
embryos

KLP-7-depleted embryos have more stable and more numerous
astral microtubules in one-cell embryos (Srayko et al., 2005),
suggesting that the astral microtubules could generate a pushing
force at the cell cortex that hampers centrosome separation. We
first asked whether endogenously GFP-tagged KLP-7 (Gerson-
Gurwitz et al., 2016) is differentially enriched in AB and Pl
cells, which could explain the difference in centrosome separa-
tion seen after KLP-7 RNAi. KLP-7 was found at centrosomes and
kinetochores and was not enriched in the anterior, consistent
with previous reports (Fig. S1 F; Fadero et al., 2018; Oegema et al.,
2001). We next tested whether KLP-7 depletion differentially
affects microtubules at the cell cortex in AB and P, i.e., whether
its loss would lead to a higher stabilization of microtubules in AB
than in P1. As a marker, we used a strain in which GFP is fused to
EBP-2, a conserved protein that binds the plus ends of micro-
tubules (Table S2; Srayko et al., 2005). We analyzed microtubule
residency time and density at the cortex, and polymerization
rate in AB and P1 cells of control and KLP-7-depleted embryos.

In unperturbed control embryos, the microtubule average
residency time was higher in AB than in P1 (2.7 + 0.05 s versus
2.1 + 0.13 s; Fig. 2 A), whereas microtubule density and polym-
erization rate were not statistically different (Fig. 2, B and C).
Consistent with its role as a microtubule depolymerase, KLP-7
depletion increased the cortical microtubule density in both AB
and P1 (Fig. 2 B); however, it did not increase the density more in
AB than PJ; to the contrary, it dampened the difference in mi-
crotubule residency time (Fig. 2, A-C). These data suggest that
the difference in centrosome separation behavior in AB com-
pared with P1 in KLP-7-depleted embryos does not arise from a
more efficient astral microtubule stabilization in AB.

To better understand the mechanistic origin of the centro-
some separation defect, we next tracked the two centrosomes in
WT and klp-7 mutant two-cell embryos over time. We first asked
whether the AB-specific centrosome separation defect in klp-7
embryos was due to the shorter cell cycle of AB cells (reviewed
in Rose and Génczy, 2014). This was not the case, as in the
majority of the klp-7 mutant embryos (77%, n = 13), the cen-
trosomes in P1 had already fully separated when the AB cell
underwent NEBD (Videos 1, 2, and 3). Next, we plotted the av-
erage distance between the two centrosomes versus the timing
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Figurel. Centrosome separation is defective in KLP-7 depleted embryos. (A) Still images of the AB (left) and P1 cell (right) taken from time-lapse videos of
a YFP:a-tubulin expressing strain (TH65) with the indicated depletions. For all the subsequent figures of centrosome position in AB and P1 throughout the
paper, the images represent the maximum intensities of Z projection at the time point just before NEBD (15 s before NEBD), the dashed yellow line highlights
the nucleus, centrosomes are highlighted with a blue circle (or dashed blue circle when not in focus), and the cell periphery is delimited by the dashed gray line.
(B) Quantification of centrosome separation ratios (CTR-CTR) as illustrated in Fig. S1. In this and all subsequent figures, ratios are plotted as box plots (dark
color in AB, light color in P1). (C) Still images of the AB (left) and P1 cell (right) taken from time-lapse videos of a GFP::3-tubulin expressing strain (JDU316,
containing the klp-7(tm2143) deletion, and its parental strain, JCC483). (D) Quantification of centrosome separation ratios in the indicated genotypes. Scale
bars, 5 um. The number of cells/embryos analyzed is indicated at the bottom of the graph and the statistical test used is indicated in Table S1. **, P < 0.01;
*** P <0.001.

of NEBD. This showed that the timing of centrosome separation
initiation was different between AB and P1 cells: AB cells always
initiated centrosome separation after P1 cells, and this delay was
exacerbated in klp-7 mutant embryos (Fig. 2 D). However, since
in P1 the two centrosomes were often already separated, it was
not possible to directly read out the centrosome separation ve-
locities from this plot. We therefore extracted peak centrosome
separation velocities from single-cell trajectories, when the
inter-centrosome distances rapidly expand from 4 to 11 pm (Fig.
S1 G). This analysis revealed that the centrosome separation
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velocities were neither significantly different between AB and P1
cells nor affected by loss of KLP-7 (Fig. S1 H). We conclude that
loss of KLP-7 specifically delays the initiation of centrosome
separation in AB.

The centrosome separation defect of KLP-7-depleted embryos
depends on cell polarity

The AB and P1 blastomeres have a different fate: AB will give
origin to somatic cells whereas P1 will give origin to somatic and
germline cells (Sulston et al., 1983). The fate of AB and P1 is set
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Figure 2. Centrosome separation initiation is delayed in KLP-7 depleted embryos. (A) Average residency time of microtubules at the cortex of AB and P1
in control and KLP-7-depleted embryos. Plus end microtubules were visualized using a strain expressing EBP2::GFP (TH66). In control, 1,303 tracks were
measured in five AB cells and 770 tracks in five P1 cells; in KLP-7-depleted embryos, 1,786 tracks were measured in six AB cells and 1,372 tracks in five P1 cells.
Each value corresponds to the mean residency time at the cortex in seconds + SEM. (B) Quantification of cortical microtubule density. Tracking of microtubules
was performed using a macro developed in Image] (see Materials and methods). Each value corresponds to the mean number of microtubules at the cortex in a
surface of 100 um? (n = 5 cells each). (€) Quantification of microtubule polymerization rate. The polymerization rate was based on EBP2 comets growing out
from the centrosomes toward the cortex for at least 10 frames. A total of 110 microtubules were counted in WT AB cells, 90 in P1 cells, 120 in klp-7(RNAi)
AB cells, and 111 in klp-7(RNAi) P1 cells (at least five cells each). (D) Tracking of the centrosome-to-centrosome distance over time in control embryos (n = 9
AB cells and 9 P1 cells) and in klp-7(tm2143) embryos (n = 17 AB cells and 15 P1 cells). T = 0 was set at NEBD for AB and P1, respectively. The green line indicates
the minimal distance, under which it was not possible anymore to resolve the two centrosomes. Error bars represent SEM. The statistical test used is indicated

in Table S1. *, P < 0.05; **** P < 0.001.

during the division of the zygote and is under the control of the
conserved partitioning defective (PAR) proteins, some of which
localize asymmetrically along the anterior-posterior axis of the
embryo. PAR-3, PAR-6, and PKC-3 are enriched at the anterior
cortex, whereas PAR-2 and PAR-1 accumulate at the posterior
cortex. PAR proteins control all aspects of asymmetric cell division
from spindle positioning to the segregation of cytoplasmic factors
and cell fate determinants (reviewed in Rose and Génczy, 2014).

To investigate whether polarity itself controls the pattern of
centrosome separation, we depleted PAR-2 or PAR-3 in control
embryos and in the klp-7(tm2143) mutant. In PAR-2-depleted
embryos, the anterior PAR-3 protein spreads around the entire
embryo cortex; the first division is symmetric; and in the fol-
lowing division, both cells behave as WT AB. In contrast, after
PAR-3 depletion, PAR-2 localizes all around the cortex; the first
division is symmetric; and in the following division, both cells
behave as WT P1 (Fig. 3 A). Centrosomes were separated at
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NEBD in both AB and P1 when PAR-2 or PAR-3 was depleted in
the control strain (Fig. 3, B and C). If the centrosome separation
defect in klp-7 mutants depended on polarity, we expected that
depleting PAR-2 in a klp-7 mutant background should delay
centrosome separation in P1 and that PAR-3 depletion should
rescue centrosome separation in AB (Fig. 3 A). However, both
PAR-2 and PAR-3 depletion impaired centrosome separation in
both AB and P1 in the klp-7(tm2143) mutant (Fig. 3, B and C).
Overall, this indicated that the centrosome separation defect of
klp-7 mutants depends on polarity, but not simply on cortical
polarity, since depletion of both anterior and posterior PAR
proteins leads to the same phenotype.

PLK-1 prevents centrosomes separation initiation in AB in
KLP-7-depleted embryos

PAR proteins regulate the asymmetric segregation of cytoplas-
mic factors, which, in the par mutants, remain symmetric in the
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Figure 3. The centrosome separation defect of KLP-7-depleted embryos depends on cell polarity. (A) Schematic representation of the experiment: WT
two-cell embryo with localization of anterior PAR proteins (in green) around AB and posterior PAR proteins (in red) around P1 on the left. Schematic rep-
resentation of a par-2(RNAi) embryo on the top right and of a par-3(RNAi) embryo on the bottom right. The gray spheres represent the nuclei, and the black full
circles are the centrosomes. (B) Still images of AB and P1 cells before NEBD taken from recordings of embryos treated with the indicated RNAi. JDU316
(containing the klp-7(tm2143) deletion) and its parental strain, JCC483, were used in this experiment. (C) Quantification of the centrosome separation ratios of
the indicated genotypes. Model two-cell embryos indicate the polarity status (anterior in green; posterior in red) of the respective cell. Scale bar, 5 um. The
number of cells/embryos analyzed is indicated at the bottom of the graph and the statistical test used is indicated in Table S1. *, P < 0.05; ***, P < 0.001.

cytoplasm. An important factor is the mitotic kinase PLK-1,
which regulates the function of the mitotic spindle at multiple
steps of cell division. PLK-1is enriched in the anterior cytoplasm
of the one-cell embryo and preferentially segregated to AB in
two-cell embryos (Budirahardja and Goénczy, 2008; Chase et al.,
2000; Nishi et al., 2008; Rivers et al., 2008). We hypothesized
that higher PLK-1 levels in AB might negatively impact centro-
some separation.

To test this hypothesis, we asked whether PLK-1 impairment
could rescue the AB centrosome separation defect in KLP-
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7-depleted embryos. We took advantage of a strain with a plk-
1 temperature-sensitive mutation, plk-1(or683ts), and expressing
tubulin fused to GFP. In plk-1(or683ts) embryos, centrosomes
were separated at NEBD in both AB and P1, and depletion of KLP-
7 in the control strain resulted in strong centrosome separation
defects in AB (Fig. 4, A and B). This defect was rescued when
KLP-7 was depleted in the plk-1(or683ts) (Fig. 4, A-C). The delay
of centrosome separation initiation caused by KLP-7 depletion
was also rescued by PLK-1 impairment (Fig. 4 D). This indicates
that centrosome separation in AB is rescued when KLP-7 is
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depleted in a plk-1 temperature-sensitive background, suggest-
ing that higher levels of PLK-1 at the anterior inhibit this process
in a sensitized background such as KLP-7-depleted embryos.

We note that previous immunofluorescence studies had re-
ported that PLK-1 levels are symmetric in AB and Pl in par-
2(RNAi) or par-3(RNAi) embryos, but that the overall PLK-1levels
were lower, similar to WT Pl, in par-3(RNAi) embryos
(Budirahardja and Gonczy, 2008; Nishi et al., 2008; Rivers et al.,
2008). Such low PLK-1 levels in par-3(RNAi) embryos were,
however, inconsistent with the centrosome separation defects in
AB and P1 cells of klp-7(tm2143);par-3(RNAi) embryos. We took
advantage of a new strain in which endogenous PLK-1 has been
labeled with GFP (hereafter called PLK-1::GFP; Martino et al.,
2017) to reanalyze PLK-1 levels in AB and PI after PAR-3 or
PAR-2 depletion, at the time point right after division of the
zygote, when centrosomes are still close (Fig. 4 E). In WT em-
bryos, we observed an enrichment of PLK-1::GFP in AB com-
pared with Pl, as previously shown with antibodies and
transgenic lines (Fig. 4, E and F; Budirahardja and Génczy, 2008;
Chase et al., 2000; Nishi et al., 2008; Rivers et al., 2008). In PAR-
3-depleted embryos, PLK-1:GFP was equally distributed be-
tween AB and P1 (Fig. 4, E and F). Its levels were, however,
intermediate between the levels observed in WT AB and P1
(Fig. 4, E and F). In PAR-2-depleted embryos, PLK-1::GFP levels
were also intermediate between the levels observed in WT
AB and P1 (Fig. 4, E and F), even though we observed a weak
enrichment of PLK-1:GFP in AB compared with P1. This is
consistent with the fact that polarity is established in PAR-
2-depleted embryos, but maintenance is defective (Cuenca
et al., 2003). We conclude that both PAR-2 and PAR-3 deple-
tion result in intermediate levels of PLK-1 in AB and P1 in early
two-cell embryos, consistent with the centrosome separation
defect observed in both cells when combined with KLP-7
depletion.

To test whether symmetric distribution of PLK-1 is sufficient
to induce centrosome separation defects in both AB and P1 in
klp-7 mutants, we depleted MEX-5 and MEX-6 (hereafter re-
ferred to as MEX-5/6). These two closely related proteins are
enriched in the anterior cytoplasm in a PAR-dependent manner
and bind PLK-1 to promote its enrichment in AB. In mex-5(RNAi);
mex-6(RNAi) embryos, PAR proteins remain distributed asym-
metrically along the anterior-posterior axis (Schubert et al.,
2000; Cuenca et al., 2003; Cheeks et al., 2004), but the PLK-
1 gradient is not established (Nishi et al., 2008; Rivers et al.,
2008). When quantifying endogenously tagged PLK-1:GFP in
mex-5/6(RNAi) embryos, we found similar levels in AB and P1,
which were intermediate between the PLK-1 levels in WT AB
and P1 (Fig. 5, A and B). MEX5/6 depletion did not affect cen-
trosome separation on its own, but it impaired centrosome
separation in both AB and P1 in the klp-7(tm2143) mutant (Fig. 5,
C and D). We conclude that elevated levels of PLK-1in AB inhibit
centrosome separation when KLP-7 is depleted.

LIN-5 is required for the differential centrosome separation
behaviors in AB and P1

We next speculated that PLK-1 could inhibit a factor in AB that
promotes centrosome separation. Depletion of such a factor in a
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klp-7 mutant background should impair centrosome separation
in both AB and P1, and abolish the difference seen after inacti-
vation of KLP-7 alone. To identify such a factor, we performed a
candidate-based screen of proteins potentially implicated in
centrosome separation in KLP-7 depletion/mutant background
(Fig. 6 and Fig. S2). These include the microtubule motors KLP-
18 and BMK-1, the dynactin orthologue DNC-1, as well as Ga and
LIN-5 (the NuMA orthologue), which are required for cortical
dynein recruitment (reviewed in di Pietro et al., 2016). Strik-
ingly, LIN-5 impairment resulted in a centrosome separation
defect in P1 as well, abolishing the difference between AB and P1
(Fig. 6, A and B). In contrast, KLP-18 and DNC-1 depletion further
impaired centrosome separation in AB or, in the case of Ga,
reduced the efficiency of centrosome separation in both AB and
P1 (Fig. S2). This suggested that the presence of LIN-5 sets the
difference between AB and P1. Consistent with this hypothesis,
KLP-7 depletion in a lin-5-thermosensitive mutant strain (lin-
5(ev571ts)) expressing GFP:B-tubulin (Park and Rose, 2008)
impaired centrosome separation in AB and P1 to a similar extent
(0.715 £ 0.0195 in AB versus 0.732 + 0.0165 in P1). Moreover, lin-
5(ev571ts) embryos displayed the same mild centrosome separa-
tion defect in AB and P1, abolishing any difference between the
two cell types (0.802 + 0.0208 in AB versus 0.791 + 0.0128 in PJ;
Fig. 6, A and B).

LIN-5 is a dynein-binding coiled-coil protein that localizes to
centrosomes and to the cortex (Couwenbergs et al., 2007; Lorson
et al., 2000; Nguyen-Ngoc et al., 2007). To dissect whether the
cortical or centrosomal pool of LIN-5 contributes to centrosome
separation in a klp-7(RNAi) background, we depleted ASPM-1 (ab-
normal spindle-like, microcephaly associated), a centrosomal
protein that is essential for LIN-5 recruitment to centrosomes (Fig.
S3 A; van der Voet et al., 2009). Our results indicate that in aspm-
1(RNAi) embryos, the centrosomes were separated in both AB and
P1, and that klp-7(tm2143);aspm-1(RNAi) embryos behaved similarly
to klp-7(tm2143);ctrl(RNAi) embryos (Fig. 6, C and D). We conclude
that the cortical pool of LIN-5 is responsible for centrosome
separation.

PLK-1 inhibits cortical LIN-5 recruitment in the AB cell

Our results suggested a model in which the higher PLK-1 levels
in the AB cell prevent centrosome separation due to its inhibi-
tory activity toward LIN-5. This is consistent with human cell
data showing that hsPlk1 controls the cortical recruitment of the
LIN-5 orthologue NuMA during mitosis (Sana et al., 2018). We
therefore used a C. elegans strain in which LIN-5 is endogenously
tagged with Neon Green (Heppert et al., 2018) to assess whether
PLK-1 controls LIN-5 localization at the cell cortex in AB and P1.
Using two independent methods, (1) we quantified the LIN-5::
mNG signal along line profiles perpendicular to the cell cortex,
and (2) we integrated the LIN-5:mNG intensity over an equal-
sized stripe covering the cell cortex in AB and P1 (see also Ma-
terials and methods). With both methods, we found that in a WT
background, LIN-5::mNG is present at higher levels in P1 when
compared with AB (Fig. 7, A-C). Moreover, both datasets indi-
cated that LIN-5::mNG levels were increased at the cell cortex in
AB in PLK-1-depleted embryos (Fig. 7, A-C). In contrast, KLP-7
depletion did not affect cortical LIN-5 levels (Fig. S3, B-D). These
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data confirmed that PLK-1 prevents the recruitment of LIN-5 at  codepletion of Ga, a condition that abolishes the size difference
the cell cortex in the AB cell. without affecting polarity (Gotta and Ahringer, 2001), slowed
down centrosome separation in both AB and P1 cells, but did not

diminish the difference between both cells. This indicates that

Discussion the asymmetric behavior of AB and P1 cells does not depend on
Bipolar spindle assembly is an essential process that ensures cell size. Rather, our data point to the involvement of cell po-
faithful chromosome segregation. Here we show that this pro- larity: depletion of both PAR-3 and PAR-2 impaired centrosome
cess is differentially controlled by cell polarity at the two-cell separation in both AB and P1 in a klp-7 mutant. This indicates
stage in C. elegans embryos. We show that centrosome separa- that polarity controls this process, but rules out the antagonistic
tion initiation is delayed in the anterior AB cell compared with model of regulation between anterior and posterior PARs. In-
the posterior P1 cell, and that this difference is enhanced when stead, we postulate that centrosome separation is controlled by
the microtubule depolymerase KLP-7 is absent. Our data pointto  PLK-1, a cytoplasmic factor asymmetrically enriched in the
a model in which the polarity-dependent accumulation of PLK-  AB cell in a PAR-dependent manner (Budirahardja and Génczy,
1in AB inhibits the cortical forces exerted via LIN-5 necessary to  2008; Chase et al., 2000; Nishi et al., 2008; Rivers et al., 2008).
efficiently separate centrosomes in the absence of KLP-7 (Fig. 8).  Consistent with this model, low PLK-1 activity rescues the cen-
Since AB is bigger than P1, the difference in centrosome trosome separation defect of KLP-7-depleted embryos; more-
separation behavior could depend on cell size. However, over, endogenous tagged PLK-1 is enriched in AB in WT
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Figure 6. A mutation in LIN-5 abolishes the difference of behavior of centrosomes in AB and P1 cells. (A) Still images of AB and P1 cells taken from video
recordings of embryos of the indicated genotypes. The FM102 strain containing the lin-5(ev571ts) mutation and its parental strain (AZ235) were used in this
experiment. (B) Quantification of the centrosome separation ratios of the indicated genotypes. (C) Still images of AB and P1 cells from video recordings of
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ratios of the indicated genotypes. Scale bars, 5 um. The number of cells/embryos analyzed is indicated at the bottom of the graph and the statistical test used is

indicated in Table S1. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.001.

embryos, but its levels are intermediate in AB and P1 in PAR-3-
and PAR-2-depleted embryos.

We note that the strength of the spindle assembly check-
point, the main mitotic surveillance mechanism, is also reg-
ulated by cell lineage-specific mechanisms (Galli and Morgan,
2016; Gerhold et al., 2018). Combined with our findings, this
indicates that the mitotic machinery in general is controlled
not only by factors intrinsic to the mitotic spindle, but also by
cell polarity (Fig. 8). We further note that in contrast to PAR-
protein depletion, PLK-1 inactivation did not equalize cen-
trosome separation in control embryos. Moreover, even in
klp-7 mutants, it did not fully equalize centrosome separation
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between AB and PI1 cells. Since complete depletion of PLK-
1 results in sterility, the difference in centrosome separation
in plk-1(or683ts) embryos could be due to residual PLK-1 ac-
tivity in these embryos. Alternatively, this may point to the
existence of a pathway yet to be identified. Such a pathway
would work via LIN-5, as LIN-5 depletion equalizes all con-
ditions, but independently of PLK-1. We speculate that the fact
that both the spindle assembly checkpoint and the forces that
separate centrosomes are stronger in germ cell precursors
could point to an evolutionary pressure that aims to ensure a
higher fidelity in chromosome segregation in these cells. This
difference cannot be major, though, since in live cell imaging
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videos of two and four cell embryos expressing a histone
mCherry marker, we could not detect major chromosome
segregation defects after KLP-7 depletion (data not shown).
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Klp-7(RNAI)
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We note that between 60% and 99% of KLP-7 mutant embryos
die (Han et al., 2015; Connolly et al., 2015). However, whether
this lethality is due to minor segregation defects in early

Figure 8. Cell polarity modulates centrosomes
separation in AB via PLK-1 and LIN-5. Schematic
representation of a KLP-7-depleted two-cell stage em-
bryo consisting of an AB cell on the right with anterior
PAR proteins at the cortex (green line) and a P1 cell on
the left with the posterior PAR proteins at the cortex
(red line). Nuclei are represented by gray circles, cen-
trosomes by dark green spheres, and microtubules by
green lines. PLK-1 is enriched in the AB cell (dark blue),
resulting in low LIN-5 levels and activity (thin orange
line) at the cortex. In contrast, in P1, low PLK-1 con-
centrations (light blue) allow LIN-5 to localize at the
cortex (thick orange line) and exert a cortical pulling
force, allowing the proper separation of the
centrosomes.
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embryos beyond the resolution of light microscopy or is
caused by defects that arise later in development is unclear.

Our work identifies a key role for the microtubule depoly-
merase KLP-7 in promoting centrosome separation at the two-
cell stage. How could it contribute to this process? We envisage
several nonexclusive possibilities. First, KLP-7 might limit the
number of inter-polar microtubules between the two cen-
trosomes, which might exert a pulling force via minus end-
directed kinesins (kinesin-14; Mountain et al., 1999). Second,
KLP-7 might limit the number of astral microtubules that grow
against the cell cortex and exert an inward-directed pushing
force on the two centrosomes; alternatively, these astral mi-
crotubules might interact with the cortical actin network and
thus generate a frictional force that slows down centrosome
separation (Rosenblatt et al., 2004). The fact that KLP-7 deple-
tion does not slow down centrosome migration around the nu-
cleus but specifically delays their initial separation supports the
first possibility without excluding a contribution from astral
microtubules. Based on the fact that KLP-7 loss affected micro-
tubule dynamics in both AB and P1, we postulate that its absence
tends to prevent centrosome separation in both cells. While in P1
this force is mostly overcome by cortical LIN-5 (the P1 value in
klp-7 mutants is just statistically different from the control P1
value in some experiments), this does not occur in AB, due to the
presence of PLK-1 (Fig. 8). Given that LIN-5 is a dynein-binding
protein, we propose that dynein-based cortical pulling forces
ensure an efficient initiation of centrosome separation in the
absence of KLP-7. Interestingly, the different extents of LIN-5
cortical forces do not affect the maximal centrosome separation
velocities, which could be limited by other factors, such as the
centrosome-to-nucleus interactions or microtubule cross-
linking activities. Consistent with a critical role of LIN-5, Ga
depletion also reduces the extent of centrosome separation.
Nevertheless, the lin-5 mutant does not fully phenocopy Ga
depletion in our assay, as in lin-5 mutant embryos the difference
in centrosome separation between AB and P1 is abolished. This
difference between Go(RNAi) and lin-5(ev571ts) embryos could be
the result of a difference in penetrance between depletion of Ga
by RNA interference and the lin-5(ev571ts) embryos. However,
we find that Ga(RNAi) embryos divide in a symmetric manner,
whereas the lin-5(ev571ts) embryos still maintain some asym-
metry in size in the conditions used for our analysis. We
therefore propose the existence of a cortical LIN-5 subpopula-
tion that might not depend on Ga, consistent with human cell
studies that identified Ga-independent NuMA pools (Kiyomitsu
and Cheeseman, 2013; Kotak et al., 2014; Lee et al., 2018; Zheng
et al., 2014). However, this LIN-5 population is regulated by
PLK-1, which we find to prevent cortical LIN-5 recruitment in
the AB cells. Given that PLK-1 has been shown to also target the
human LIN-5 orthologue NuMA (Sana et al., 2018), we postulate
that this regulatory step is conserved.

Overall, our study implies that centrosome separation is
regulated in a tissue-dependent manner, and that one should not
assume an ubiquitous regulation of this process. Therefore, it
will be interesting to test whether this is also the case in human
tissues, as suggested by the behavior of stem cell keratinocytes
(Poulson and Lechler, 2010). This might be particularly relevant
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in the context of anti-cancer research, as centrosome separation
is an attractive target for anti-mitotic drugs that can bypass the
need of microtubule-targeting agents.

Materials and methods

Strains

The C. elegans strains used in this work are listed in Table S2.
Worms were maintained using standard methods on nematode
growth medium plates with OP50 bacteria (Brenner, 1974).
Thermosensitive strains such as plk-I(or683ts), klp-7(or1092ts),
klp-7(or1292ts), lin-5(ev571ts), and the mutant strain klp-7(tm2143)
were maintained at 15°C. The rest of the fluorescent strains (see
list in Table S2) were maintained between 22°C and 25°C. After
double stranded RNA (dsRNA) injections, worms were incu-
bated at the following temperatures: 25°C (Fig. 2, A-C; and Fig. 6,
A and B), 22°C (Fig. 1, A and B; Fig. 4, D and E; Fig. 5, A and B; Fig.
S1, D and E; Fig. S2, C and E; and Fig. S3), and 15°C (Fig. 3, B and
C; Fig. 4, A and B; Fig. 5, C and D; Fig. 6, C and D; Fig. S1 C; and
Fig. 4 C). With our conditions, the size of AB in the Ga depleted
embryos was 51% egg length (AB/total egg length, n = 10), in-
dicating that the depletion was efficient. The size of AB in the
lin-5(ev571ts) embryos in our experimental conditions was 54.9%
egg length (n = 10), suggesting only partial LIN-5 inactivation in
the temperature-sensitive mutant.

RNA interference

dsRNA was produced in vitro using the clones from the Ahringer
feeding library (Fraser et al., 2000; Kamath et al., 2003). The
clones used in this study are listed in Table S2. For the control,
we used the clone C06A6.2 previously found in the laboratory to
have no effect on the early embryonic cell division and to be
100% viable. Each template was amplified by PCR using T7
primers, and dsRNA was produced using the Promega Ribomax
RNA production system. dsRNA was injected in L4/young adult
hermaphrodites. The incubation time of the injected worms
before embryo dissection is listed in Table S2.

Live imaging of embryos

Gravid hermaphrodites were dissected on a coverslip into a drop
of Egg Buffer (118 mM NaCl, 48 mM KCl, 2 mM CaCl,, 2 mM
MgCl,, and 25 mM Hepes, pH 7.5). Embryos were mounted on a
2% agarose pad. Imaging was performed at room temperature
(22-25°C) with a spinning disk microscope Zeiss Cell Ob-
server.Zl (inverted) equipped with HAL100 and HXPI120 for
transmission and fluorescence widefield visualization, a CSU X1
automatic Yokogowa spinning disk head, and a Plan Apo 63x/1.4
Oil DICIII objective. Images were acquired with an EMCCD
camera (Evolve EM512 camera; Photometrics). Acquisition pa-
rameters were processed with MetaMorph or Visiview 4.00.10
software.

Fixation and immunostaining procedures

To stain C. elegans embryos, 15-20 gravid hermaphrodites were
dissected in a drop of M9 (86 mM NaCl, 42 mM Na,HPO,, 22 mM
KH,PO,, and 1 mM MgSO,) on epoxy slides coated with 0.1%
poly-L-lysine. A 22 x 40-mm coverslip was applied crosswise on
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the square in order to squash the embryos, until the nuclei were
almost transparent. The slides were transferred on a metal block
on dry ice for 20 min or more, and the coverslip was removed
before fixation. Immunostaining was performed as described in
(Spilker et al., 2009). Briefly, embryos were fixed for 20 min in
methanol, and placed for 20 min in a solution of PBS and 0.2%
Tween (PBST), and BSA 1% to block the nonspecific antibody
binding. The slides were incubated with primary antibodies
overnight at 4°C. The following primary antibodies were used:
anti-tubulin (mouse DM1A; Sigma-Aldrich; 1:1,000), anti KLP-7
(rabbit; used at 1 ug/ul; Gigant et al., 2017), and anti-LIN-5
(mouse; 1:2; Lorson et al., 2000). After three washes in PBST,
slides were incubated for 45 min at 37°C with a solution con-
taining secondary antibodies (Alexa Fluor 488-, 647-, and 568-
coupled anti-rabbit or anti-mouse antibodies from Molecular
Probes) and 1 mg/ml DAPI to visualize DNA. Slides were then
washed three times in PBST before mounting using Mowiol
(30% wt/vol glycerol, 3.87 mM Mowiol [Calbiochem, 475904],
0.2 M Tris, pH 8.5, and 0.1% DABCO).

To measure the levels of PLK-1::GFP, embryos were squashed
and frozen as described above. After removal of the coverslip,
slides were incubated 10 s in -20°C methanol and then trans-
ferred for 30 min in formaldehyde solution (1x PBS, 0.08 M
Hepes, pH 6.9, 1.6 mM MgSO,, 0.8 mM EDTA, 3.7% formalde-
hyde, and 1% Triton X-100). The samples were washed 3 x
15 min in PBS (1x) and were incubated with DAPI for 45 min at
37°C. Finally, after 3 x 5-min washes in PBS (1x), the slides were
mounted in Mowiol.

Images were acquired with a Nikon Upright microscope
Eclipse Ni-equipped with a 60x/0.5-1.25 Oil Iris Objective, a
SOLA light engine (Lumencor), and DS-U3 Digital Camera
Control unit (Nikon) controlled by NIS-elements BR4.30.02
software.

Image acquisition and analysis

Centrosomes tracking

4D video recordings of fluorescently labeled tubulin embryos
were captured. The top and the bottom of the embryo were
determined, and 1-um Z stacks were taken every 15 s. Tracking
of the centrosomes was performed using Imaris 7.7.1 64-bit
software (Bitplane) with the spot tracking and measurement
point tool. Two-cell-stage embryos with double nuclei were
excluded from the analysis.

To measure the distance between the centrosomes over the
time as shown in Fig. 2 D and Fig. 4 C, the centrosomes were
tracked automatically with the spot tracking tool of Imaris
software. Position X, Y, and Z of each centrosome was defined at
each time point. To calculate the distance between the two
centrosomes, we used the following formula: AB=+/(xB - xA)? +
(B - yA)? + (zB - zA)% To calculate centrosome separation
speeds, we plotted single-cell inter-centrosome distances and
quantified based on the curve the centrosome separation ve-
locities, when the two centrosomes separated at maximal speed
(see Fig. S1 G). This occurred typically in the time frame when
the inter-centrosome distance expanded from 4 to 11 pm (unless
cells would undergo NEBD before, as was often the case in klp-7
AB cells).
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Microtubule dynamics at the cortex

EBP-2::GFP expressing embryos were imaged with the spinning
disk microscope Zeiss Cell Observer.Z1 with an Apo 63x/1.4 Oil
DICIII objective. To image EBP-2 comets, a single plane was
taken at the embryo cortex. To stage the embryo, an image was
taken in the middle plane of the embryo before and after re-
cording the EBP-2 comets. Images were acquired at 400-ms
intervals with a time exposure of 200 ms, without binning for
150 frames (1 min). EBP-2::GFP comets were counted in a semi-
automatic way using Imaris 7.7.1 64-bit software. We calculated
the number of frames from appearance to disappearance of
EBP2::GFP comets.

Microtubule density at the cortex. The cortex of EBP2::GFP-
expressing embryos was video-recorded. Images were taken
every 400 ms with a time exposure of 200 ms. The comets were
counted automatically for each time frame after image pro-
cessing for a duration of 30 s. The source code is available on the
GitHub website: https://github.com/LCirillo/FiJiMacro/blob/
FiJiMacro/CometsQuantification.ijjm.

Microtubule polymerization rate. Images were taken with at
least one centrosome in the focal plane. Images were acquired
every 200 ms, with a time exposure of 180 ms for a duration of
30 s. EBP2::GFP comets growing from the centrosome were
tracked automatically using the spot tracking tool of the Imaris
software. Only comets that could be followed for at least 10
frames were quantified.

Quantification of cytoplasmic PLK-1

Images were acquired with a Nikon Upright microscope Eclipse
Ni-equipped with a 60x/0.5-1.25 Oil Iris Objective, a SOLA light
engine (Lumencor), and a DS-U3 Digital Camera Control unit
(Nikon) controlled by NIS-elements BR4.30.02 software. GFP
signal was acquired with the SOLA light engine with a light
power of 8% and was exposed for 300 ms.

Two squares with the same size (width = 6.30, height = 5.99,
area = 37.711) were placed in AB and P1 cells. The absolute in-
tensities were measured using Image]. The intensity values of
the two squares were averaged for each AB and P1 cell.

LIN-5 cortical intensity measurement

Images for immunofluorescence of the LIN-5::mNG strain were
acquired using an LSM800 Airyscan confocal microscope (Zeiss)
equipped with two high-sensitive photomultiplier tube de-
tectors. Experiments were performed with a Plan Apochromat
63x 1.40 NA oil objective. To acquire the LIN-5:mNG signal, a
488-nm 10-mW laser was used at 2.8% with a master gain of 620
and without binning. The middle plane of the embryo was set,
and two stacks of 0.5 pm were taken above and below the middle
plane. ZEN software (v.2.3; Zeiss) was used for the acquisition
parameters.

LIN-5 levels were measured on two-cell embryos (at the stage
shown in Fig. 7) using two methods. To obtain the line profile of
cortical proteins shown in Fig. 7 B, a 10-pixel-wide x 3-um-long
line scan overlapping the cortex was used on the maximum
projection of the five planes. For each embryo, the average of
two line scans in AB and P1 was used for quantification. The line
profiles of individual cells were normalized to the maximum
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value of WT AB cells. For the quantification shown in Fig. 7 C, we
created an Image] macro to calculate the mean gray value of a 16-
pm-long line profile (https://github.com/LCirillo/FiJiMacro/
blob/master/I]_Macro_CorticalLin5). Briefly, after background
subtraction and maximum projection of 5 z planes (0.5-um step
size), a 10-pixel-wide line was manually traced around the
embryo cortex for both AB and P1. The point-by-point mean
gray value was then averaged for a distance that spanned 8 um
from the center of the line profile in both directions. The value
obtained was normalized on the cytoplasmic mean gray value of
the corresponding cell, calculated on the same image, using a
90 x 90-pixel square. The data were analyzed using Python 3.7.0
and Prism 8 (GraphPad).

Statistical analysis

For the centrosome separation ratio analysis, to compare AB
versus P1 of the same condition, we applied a paired t test
(Wilcoxon test). To compare AB (or P1) of condition 1 to AB (or
P1) of condition 2, we applied an unpaired multiple comparison
test (Kruskal-Wallis). Statistical analysis was performed using
the Prism software (7.02; GraphPad), which was also used to
plot the graphs. Box plots show median, lower, and upper
quartiles (line and box), minimum to maximum (whiskers),
and means (+).

Online supplemental material

Fig. S1 shows the methodology of centrosome separation quan-
tification and the extent of centrosome separation in different
klp-7 mutants at the two- and four-cell stage. Fig. S2 is a
candidate-based screen for centrosome separation defects. Fig.
S3 shows LIN-5 localization in aspm-1 and klp-7 mutants. Videos
1, 2, and 3 illustrate different centrosome separation defects.
Table S1 documents all statistical analyses and Table S2 docu-
ments the strains and RNAi conditions used in this study.
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