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Summary

Background: The serine/threonine kinase LKB1 regulates cell
growth and polarity in metazoans, and loss of LKB1 function is
implicated in the development of some epithelial cancers.
Despite its fundamental role, the mechanism by which LKB1
regulates polarity establishment and/or maintenance is
unclear. In the present study, we use the nematode
C. elegans to investigate the role of the LKB1 ortholog
PAR-4 in actomyosin contractility, a cellular process essential
for polarity establishment and cell division in the early embryo.
Results: Using high-resolution time-lapse imaging of GFP-
tagged nonmuscle myosin II (NMY-2), we found that par-4
mutations reduce actomyosin contractility during polarity
establishment, leading to the mispositioning of anterior PAR
proteins and to defects in contractile ring ingression during
cytokinesis. Fluorescence recovery after photobleaching
analysis revealed that the mobility of a cortical population of
NMY-2 was reduced in par-4 mutants. Interestingly, the
contractility defects of par-4mutants depend on the reciprocal
activity of ANI-1 and ANI-2, two C. elegans homologs of the
actin cytoskeletal scaffold protein anillin.
Conclusion: Because loss of PAR-4 promoted inappropriate
accumulation of ANI-2 at the cell cortex, we propose that
PAR-4 controls C. elegans embryonic polarity by regulating
the activity of anillin family scaffold proteins, thus enabling
turnover of cortical myosin and efficient actomyosin contrac-
tility. This work provides the first description of a cellular
mechanism by which PAR-4/LKB1 mediates cell polarization.

Introduction

Cell polarization and asymmetric cell division are fundamental
mechanisms required to specialize undifferentiated cells,
generate cell diversity during development, and maintain
tissue homeostasis in adult organisms. TheC. elegans embryo
is an outstanding model to study these processes. The
C. elegans zygote is polarized along the anteroposterior axis
so that its first division is asymmetric, resulting in two daughter
cells with different sizes and fates: the larger, anterior AB cell
generates most of the ectoderm, and the smaller, posterior
P1 cell gives rise to the endoderm and the germline [1]. Failure
to properly establish anteroposterior polarity leads to
*Correspondence: worm.machine@gmail.com
misspecification of daughter cells and embryonic lethality.
Polarity establishment and asymmetric cell division of the
embryo are regulated by the conserved PAR proteins [2, 3].
Loss of any of the six par genes results in loss of polarity,
subsequent abnormal symmetric cell division, and, ultimately,
embryonic lethality [2].
In C. elegans, polarization is induced after fertilization by a

sperm-derived cue that defines the future posterior pole of
the embryo [4]. Soon after fertilization, the entire cortical acto-
myosin cytoskeleton of the embryo contracts [5], but these
contractions cease near the sperm-derived pronucleus, where
the actomyosin network is locally destabilized, resulting in a
displacement of the contractile cortex toward the anterior
pole [6]. These anterior-directed contractile flows of the acto-
myosin network allow the concomitant establishment of
the anterior PAR-3/PAR-6/aPKC domain and the posterior
PAR-2/PAR-1 domain at the cortex. The proper establishment
of polarized PAR domains is ultimately crucial for asymmetric
positioning of the cleavage furrow during cytokinesis. There-
fore, polarization and asymmetric division of the C. elegans
zygote rely on an intimate relationship between PAR proteins
and the actomyosin cytoskeleton.
PAR-4 is a serine/threonine kinase localized symmetrically

at the cortex and cytoplasm throughout polarization of the
C. elegans embryo [7]. Mutations in par-4 result in phenotypes
shared with mutations in other par genes, such as compro-
mised cytoplasmic flows during polarization, lack of germline
determinant segregation, synchrony of the second embryonic
divisions, and, ultimately, embryonic lethality [7, 8]. In humans,
germline mutations in the par-4 ortholog, lkb1 (also known as
stk11), are directly responsible for Peutz-Jeghers syndrome,
a condition characterized by the development of hamartomas
in the gastrointestinal tract and a predisposition to epithelial-
derived cancers (reviewed in [9, 10]). Until now, two major
cellular functions have been attributed to LKB1 that account
for its role as a tumor suppressor: (1) regulation of energy-
dependent cell growth and (2) cell polarity [11, 12]. LKB1 regu-
lates cell growth by directly phosphorylating and activating
AMP-activated protein kinase in response to energetic stress,
leading to the inactivation of the mammalian target of rapamy-
cin (mTOR) pathway [13, 14]. Although LKB1 was reported to
function in polarity by remodeling the actin cytoskeleton in
human epithelial cells [15, 16], its function in this process is
less well understood.
To better understand the role of PAR-4 during polarization,

we quantified actomyosin dynamics in early C. elegans
embryos by high-resolution time-lapse imaging of par-4
mutant strains transgenically expressing GFP-tagged non-
muscle myosin (NMY-2). We found that loss of PAR-4 function
leads to a decrease in actomyosin contractility and to defects
in segregation of anterior PAR proteins during polarity
establishment. We also found that par-4 mutations impair
contractile ring ingression dynamics during the first mitotic
cytokinesis and that PAR-4 activity is required for normal turn-
over of cortical myosin. Depletion of ANI-2, a homolog of the
actomyosin scaffold protein anillin, suppresses par-4 embry-
onic lethality and restores all actomyosin-dependent pheno-
types observed in par-4 mutants. We propose a model in
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Figure 1. Mutations in par-4 Result in Cytokinesis Defects

(A) Individual midplane images acquired during cytokinetic ring ingression of wild-type or par-4 embryos expressing NMY-2::GFP. Images were taken from

movies synchronized for each mutant background at the time of myosin recruitment at the cortex. Arrowheads point to sites of furrow ingressions and

NMY-2::GFP accumulations.

(B) Sequential images showing maximal cortical NMY-2::GFP projections at different times of dividing wild-type or par-4 embryos. Time 0 corresponds to

the disappearance of anterior NMY-2::GFP fluorescence.
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which PAR-4 regulates actomyosin dynamics by promoting
cortical myosin mobility through anillin scaffold proteins
during the early steps of C. elegans embryonic development.

Results

Cytokinetic Ring Ingression Dynamics Are Perturbed

in par-4 Mutants
In the one-cell-stage C. elegans embryo, mutations in par-4
result in a unique phenotype during the first cytokinesis: the
membrane adjacent to the contractile ring forms protrusions
previously referred to as blebs [8]. We hypothesized that these
cortical protrusions in par-4 embryos reflect misregulation of
the dynamics of actomyosin contractility, a process that has
to be tightly controlled and accurately localized during cytoki-
nesis. To analyze the dynamics of the actomyosin cytoskel-
eton, we used two strains mutant for distinct thermosensitive
alleles of par-4 (it47 and it57) expressing NMY-2::GFP and
imaged the first mitotic division by time-lapse microscopy.
We observedmultiple, disorganized ingressions that indicated
lateral instability of the division plane (Figure 1A; see also
Movie S1 available online). Such abnormal furrowing during
cytokinesis can be due to defects in the assembly of the
contractile ring. To test this possibility, we analyzed the
cortical recruitment of NMY-2::GFP in wild-type and par-4
embryos during cytokinesis. Around the time of anaphase
onset, the anterior cortical domain of actomyosin was
dispersed, and NMY-2::GFP rapidly accumulated in cortical
patches at the future site of cleavage to form the contractile
ring (Figure 1B and Movie S1). In par-4 mutant embryos,
formation of cortical patches started at the same time as in
wild-type, but their coalescence into the cytokinetic furrow
was delayed. Analysis of mean cortical fluorescence intensity
revealed that NMY-2::GFP was recruited to a larger region of
the cortex in par-4 embryos (Figure 1B and Figure S1) and
that the anterior cortex remained enriched in NMY-2::GFP
patches longer than wild-type embryos (Figure 1C and Fig-
ure S1). Whereas NMY-2::GFP patches coalesced into the
cytokinetic furrow by 150 s after anterior domain dispersion
in wild-type controls, they were still present at the cortex of
par-4 mutants even after 300 s (Figure 1B and Figure S1). We
conclude that specification of the cleavage furrow is compro-
mised in par-4mutant embryos and is associated with a longer
contractile phase during cytokinesis.

To test whether perturbations of the contractile ring could
induce changes in the dynamics of ring closure, we mounted
embryos vertically and imaged cytokinetic furrow ingression
by time-lapse microscopy (Figure 1D andMovie S2). We found
that the total time from furrow formation to complete closure
was increased by 15%–30% in par-4 mutants compared to
wild-type embryos (Figure 1E). This indicates that PAR-4 is
required for the proper kinetics of cytokinetic furrow ingres-
sion. Interestingly, the initiation of ingression was similar
between wild-type and par-4 mutant embryos during the first
(C) Quantification of the relative fluorescence intensity6 standard error of them

(blue line, n = 5), par-4(it57) (red line, n = 4), and par-4(it47) (green line, n = 3) e

(D) Sequential images showing the ingression of the cytokinetic ring at diff

NMY-2::GFP. For each strain, time 0 corresponds to the first frame showing c

(E) Quantification of the mean duration of cytokinetic furrow ingression6 stand

25.5 s, n = 6), par-4(it57) (338.0 6 65.8 s, n = 8), and par-4(it47) (283.2 6 35.1 s

(F) Quantification of the kinetics of contractile ring closure 6 SD in wild-type (b

The furrow diameter at each time point is compared to the initial diameter. In a

Figure S1, Movie S1, and Movie S2.
minute following ring formation, but, whereas it accelerated
in wild-type controls after 100 s, the rate of closure remained
constant or started decreasing in par-4 mutants (Figure 1F
and Figure S1B). Together, these results indicate that PAR-4
regulates cytokinesis by ensuring proper furrow specification
and promoting the rate of contractile ring ingression; these
results are consistent with the hypothesis that PAR-4 affects
the cortical dynamics of the actomyosin network.

Mutations in par-4 Reduce Actomyosin Contractility
during Polarity Establishment

Like cytokinesis, polarization of the early C. elegans embryo
also depends on actomyosin contractility. Polarization occurs
via an anterior-directed contractile flow of the cortical actomy-
osin network that initiates after the completion of maternal
meiosis, allowing the proper segregation of anterior and
posterior PAR domains [6]. Because par-4 embryos exhibit
polarity defects, we investigated whether cortical actomyosin
dynamics are perturbed during the polarization phase by
imaging the cortex of newly fertilized wild-type and par-4
embryos using time-lapse microscopy (Movie S3). Quantita-
tive kymograph analysis showed that NMY-2::GFP foci moved
30%more slowly toward the anterior in par-4mutant embryos
compared to wild-type controls (Figures 2A and 2B). Contrac-
tility dynamics were specifically affected, because we did not
observe any obvious modification in the organization of the
myosin network: the number and the area of NMY-2::GFP
foci in par-4 mutants were identical to wild-type embryos
during the polarization phase (Figures S1C and S1D). These
results indicate that par-4 is required for efficient contraction
during polarization of the early embryo.
At the end of the polarization phase, cortical contractions

cease and NMY-2::GFP is enriched at the anterior half of the
embryo. Because a reduction in the velocity of NMY-2::GFP
could affect the size of this anterior domain, we compared
the position of cortical NMY-2::GFP domain in wild-type and
par-4mutants by measuring the fluorescence intensity around
the entire perimeter of the embryo after polarization (Figures
2C–2F). We observed that the domain of detectable cortical
NMY-2::GFP extended farther toward the posterior in par-4
embryos than in wild-type (Figure 2D, right panels). The
mean length of cortex where fluorescence intensity was within
70% of the maximal NMY-2::GFP signal was significantly
larger in par-4 mutants than in wild-type controls (Figure 2F).
Similar results were obtained when measurements were
made with a threshold of 50% of the maximal intensity (data
not shown). This indicates that the reduction of contraction
velocity reduced the total displacement of cortical
NMY-2::GFP toward the anterior pole in embryos lacking
PAR-4 function.
The anterior localization of cortical PAR-6 protein during

polarization depends on actomyosin contractility [6] and thus
should also depend on PAR-4.We tested whether the localiza-
tion of PAR-6 was affected by par-4 mutations in embryos
ean (SEM) of cortical NMY-2::GFP along the anteroposterior axis in wild-type

mbryos.

erent times in vertically mounted wild-type or par-4 embryos expressing

ortical recruitment of NMY-2::GFP.

ard deviation (SD) (from furrow formation to enclosure) in wild-type (241.36

, n = 5) embryos. *p < 0.05 (Student’s t test).

lue line, n = 6), par-4(it57) (red line, n = 8), and par-4(it47) (green line, n = 5).

ll panels, anterior is to the left (except in D) and scale bar is 10 mm. See also



Figure 2. Polarity Establishment Is Compromised in par-4 Embryos

(A) Cortical NMY-2 foci were imaged by time-lapse microscopy in wild-type or par-4 mutant embryos. Bottom panels show representative kymographs

created along the anteroposterior axis from the beginning of anterior movements.

(B) Quantification of the velocities 6 SD of NMY-2::GFP foci calculated from kymographs at the posterior of wild-type (5.3 6 1.2 mm/min, n = 7), par-4(it57)

(3.7 6 0.7 mm/min, n = 8), and par-4(it47) (3.8 6 0.6 mm/min, n = 9) embryos. Twelve individual foci were quantified per embryo.

(C) Schematic representation of the method used to quantify cortical domains presented in Figures 1D–1I.

(D) Differential interference contrast (DIC) and epifluorescence images showing the extent of NMY-2 cortical domain in wild-type, par-4(it57), and par-4(it47)

embryos at the time of pronuclei meeting. Arrowheads indicate the estimated limit of NMY-2 domains for each condition.

(E) Quantification6 SD of the distribution of NMY-2::GFP compared to themaximal intensity of NMY-2::GFP around the cortex in wild-type (blue line, n = 10),

par-4(it57) (red line, n = 9), and par-4(it47) (green line, n = 9) embryos. The 50% mark is at the anterior pole.

(F) Quantification of the mean percentage 6 SD of cortical perimeter occupied by 70% of the maximal NMY-2::GFP intensity.
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Figure 3. A Nonmobile NMY-2::GFP Fraction

Increases in par-4 Embryos

(A) Sequential confocal images of cortical

NMY-2::GFP before and after photobleaching a

20 3 20 pixel region (red square) in wild-type

and par-4 embryos treated with spd-5(RNAi).

Time 0 corresponds to the first frame following

photobleaching. Scale bar is 10 mm.

(B) Quantification of FRAP 6 SEM in wild-type

(blue line, n = 13), par-4(it57) (red line, n = 13),

and par-4(it47) (green line, n = 12) embryos.

(C) Quantification of the time of half fluorescence

recovery6 SEM in wild-type (13.2 6 1.3 s), par-4

(it57) (15.5 6 2.2 s), and par-4(it47) (10.9 6 1.4 s).

(D) Quantification of the percentage of maximal

fluorescence recovery 6 SEM in wild-type

(90.7% 6 7.7%), par-4(it57) (68.6% 6 6.6%),

and par-4(it47) (68.6% 6 4.2%). *p < 0.05

(Student’s t test). See also Figure S2.
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transgenically expressing PAR-6::GFP (Figures 2G–2I). As
expected for a condition in which contractility is defective,
distribution of cortical PAR-6::GFP extended farther into the
posterior in par-4 mutants than in wild-type controls (Figures
2H and 2I). Overall, these results demonstrate that PAR-4 is
required for proper specification of the anterior PAR protein
cortical domain through its role in regulating actomyosin
contractility.

PAR-4 Is Specifically Required to Mobilize a Population
of NMY-2 at the Cortex

Our observations that NMY-2::GFP dynamics are reduced in
par-4 mutant embryos indicate that loss of PAR-4 function
compromises actomyosin contractility. These defects could
result from a reduction in myosin contractile efficiency (i.e., a
catalytic defect) or from a defect in myosin turnover (i.e., a
structural defect) during contractility.

To test whether the activity ofmyosin II was reduced in par-4
mutants, we analyzed the cortical tension of the actomyosin
network by performing laser-cutting experiments on the
actomyosin cytoskeleton during the polarization phase in
wild-type and par-4 embryos (Figure S2). Laser cutting
induces a cytoskeletal recoil, and differences in tension within
the cytoskeleton are observed as differences in the recoil
velocity of cortex adjacent to the cut site [17]. If contractile
tension is affected by par-4 mutations, the recoil velocity
would be reduced in par-4 embryos compared to wild-type
controls. However, no difference was observed when
measuring tension in the direction orthogonal to flow (Fig-
ure S2), indicating that the myosin II-dependent contractile
tension applied to the cytoskeleton, and thusmyosin II activity,
is normal in par-4 mutants.

Changes in structural regulation of the cortical cytoskeleton
can be assayed by measuring molecular turnover. A decrease
in myosin turnover was shown to affect the viscoelastic prop-
erties of the actomyosin cortex during polarization [17] and
(G) Same as in (D), but for PAR-6.

(H) Quantification6 SD of the distribution of PAR-6::GFP compared to the max

par-4(it57) (red line, n = 12), and par-4(it47) (green line, n = 11) embryos.

(I) Quantification of the mean percentage 6 SD of cortical perimeter occupied

left, scale bar is 10 mm, and *p < 0.05 (Student’s t test). See also Figure S1 and
could therefore result in a reduction of cortical flow velocity.
To determine whether PAR-4 regulates molecular dynamics
of cortical cytoskeleton, we measured NMY-2::GFP turnover
during the polarization phase by fluorescence recovery after
photobleaching (FRAP) (Figure 3). Experiments were per-
formed using embryos depleted of the protein SPD-5 to
eliminate the confounding effects of mass anteriorward
movements of NMY-2::GFP [6, 17]. NMY-2::GFP was photo-
bleached in wild-type and par-4 mutant embryos, and FRAP
was monitored by confocal microscopy (Figure 3A). No signif-
icant difference was observed in the time of half-recovery of
NMY-2::GFP fluorescence between wild-type and par-4
mutants (Figures 3B and 3C). In contrast, themaximal recovery
of fluorescence was reduced by 20% in par-4 embryos
(Figures 3B and 3D). The maximal recovery of fluorescence
represents the mobile fraction of NMY-2::GFP, whereas the
percentage of fluorescence that does not recover comprises
the nonmobile fraction. A reduction in maximal fluorescence
recovery indicates an increase in a nonmobile fraction of
NMY-2::GFP in par-4 mutants compared to wild-type. Thus,
PAR-4 functions during embryonic polarization to mobilize
a population of nonmuscle myosin II at the cortex to promote
proper actomyosin dynamics.

Disruption of ani-2 Suppresses par-4 Embryonic Lethality

Actomyosin dynamics are mediated by a complex coordina-
tion involving many proteins. Central to this regulation are
scaffolding proteins, such as anillin, which can bind tomultiple
cortical regulators simultaneously [18]. Interestingly, an RNA
interference (RNAi)-based screen for suppressors of par-4
lethality (N.T.C., D.P.S.O., and J.-C.L., unpublished data)
identified the gene ani-2, which encodes one of the three
C. elegans homologs of anillin [19]. Depletion of ANI-2 by
feeding RNAi suppressed the lethality of both thermosensitive
alleles of par-4 at the semipermissive temperatures of 18�C
and 20�C, but not at the fully restrictive temperature of 25�C
imal intensity of PAR-6::GFP around the cortex in wild-type (blue line, n = 9),

by 70% of the maximal PAR-6::GFP intensity. In all panels, anterior is to the

Movie S3.



Table 1. Depletion of ani-2 Suppresses par-4 Lethality

Temperature Genotype

Hatching Progeny (%) after RNAi

Control ani-2 ani-1 ani-3

25�C Wild-type 98.4 6 1.6 91.1 6 3.9 55.2 6 6.6 97.5 6 1.6

par-4(it57) 0 0 0 0

par-4(it47) 0 0 0 0

ani-2(ok1147/+);par-4(it57) 0 0 0 0

20�C Wild-type 99.7 6 0.3 93.0 6 3.3 70.3 6 9.9 99.4 6 0.3

par-4(it57) 0 1.4 6 0.2a 0 0

par-4(it47) 1.0 6 0.2 8.2 6 1.1a 0 1.4 6 1.1

ani-2(ok1147/+);par-4(it57) 0.1 6 0.1 1.0 6 0.5 0 0

18�C Wild-type 99.4 6 0.6 98.6 6 0.7 55.5 6 6.7 99.1 6 0.2

par-4(it57) 9.9 6 3.4 33.0 6 2.4a 4.6 6 1.8 19.0 6 3.8

par-4(it47) 8.0 6 2.1 26.7 6 1.3a 3.3 6 1.1 15.2 6 2.7

ani-2(ok1147/+);par-4(it57) 25.8 6 5.8a,b 51.8 6 12.0a,b 3.4 6 0.6 20.6 6 3.8

22�C par-1(zu310) 37.8 6 8.4 32.7 6 11.7 ND ND

The value corresponds to embryonic viability, i.e., the average percentage of embryos that hatched over the total number of embryos (n > 1000 for each

condition) 6 standard error of the mean over three independent assays. ND denotes not determined.
a The value is significantly different (p < 0.01, Student’s t test) from the same strain treated with control(RNAi).
b The value is significantly different (p < 0.05, Student’s t test) from par-4 mutants treated with control(RNAi).
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(Table 1), suggesting that it regulates a single, discrete, PAR-4-
dependent pathway that is essential only when PAR-4 activity
is mildly compromised. Depletion of the other two anillin iso-
forms in C. elegans (ANI-1 and ANI-3) did not suppress par-4
lethality, indicating that this phenotype specifically depends
on ANI-2 depletion. To confirm specificity, we analyzed
whether deletion of ani-2 can suppress par-4 lethality.
Because homozygous deletion of ani-2 leads to sterility, thus
precluding the quantification of embryonic viability, we per-
formed experiments in a strain heterozygous for ani-2deletion.
We found that reducing ani-2 gene dosage by half significantly
increased the number of viable par-4mutant embryos at 18�C,
and depleting par-4(it57ts); ani-2(+/2) animals of ANI-2 by
RNAi further increased embryonic viability (Table 1). These
results demonstrate that the suppression of embryonic
lethality resulting from loss of par-4 function by ani-2 is
specific. Furthermore, dose-dependent suppression by loss
of ANI-2 suggests a structural as opposed to catalytic
mechanism.

PAR-4/LKB1 has been proposed to function upstream of the
PAR-1 kinase [20, 21]. We therefore tested whether ani-2
(RNAi) could also restore the viability of a thermosensitive
allele of par-1(zu310) and found that it had no effect on the
viability of par-1 embryos at the semipermissive temperature
of 22�C (Table 1). This indicates that ANI-2 antagonizes
PAR-4 activity independently of PAR-1 and is consistent with
PAR-1 being dispensable for cortical flows [22].

PAR-4 Modulates the Localization of ANI-2
in Early Embryos

The suppression of par-4 early embryonic lethality by ani-2
depletion indicates that the two proteins act antagonistically,
perhaps in a common pathway. To test whether ani-2 func-
tions upstream of PAR-4, we assessed the levels of PAR-4
protein by western blot analysis in embryonic extracts of
animals treated with control or ani-2(RNAi) and found that
they were normal (Figure S3). Furthermore, we observed that
PAR-4 localization was normal following ANI-2 depletion (Fig-
ure 4B). Thus, ANI-2 is not required for proper PAR-4 protein
levels or localization in early embryos.

An alternate hypothesis is that PAR-4 acts upstream of
ANI-2. To assess this, we examined ANI-2 localization in fixed
wild-type and par-4 embryos (Figure 4A). As previously re-
ported [19], ANI-2 does not localize to the membrane of wild-
type embryos, but rather to puncta throughout the cytoplasm.
These puncta were not detected in embryos depleted of ANI-2
by RNAi, demonstrating the specificity of this pattern (Fig-
ure 4B). Interestingly, par-4mutant embryos had an increased
number of cytoplasmic ANI-2 puncta (Figure S3C) and dis-
played cortical accumulations of ANI-2, mainly at the
membrane between the two blastomeres (Figure 4C). Cortical
ANI-2 was detectable in less than 10% of wild-type embryos
but in 85% of par-4 mutant embryos. We also observed that
ANI-2 accumulated in the midbodies formed following
abnormal cytokinetic furrows in par-4 mutants (Figure 4D
and Figure S3D). These results indicate that ANI-2 localizes
to the cortex when PAR-4 activity is compromised and
suggest that PAR-4 acts upstream of ANI-2, regulating acto-
myosin contractility by preventing ectopic accumulation of
ANI-2 at the cortex.

Depletion of ANI-2 Partially Suppresses All

Actomyosin-Dependent Phenotypes of par-4
Anillin is a scaffold protein important for the organization of
actomyosin contractility regulators (reviewed in [18]). Our find-
ings that ani-2 suppresses par-4 lethality and that par-4
mutants have actomyosin contractility defects suggested the
possibility that these defects are due to ectopically active
ANI-2. We therefore tested whether depleting ANI-2 by RNAi
significantly suppressed the actomyosin contractility defects
displayed by par-4 mutants at fully restrictive temperature. In
these conditions, we measured a restoration of the velocity of
NMY-2::GFP foci during polarization (Figures 5A and 5B), the
position ofNMY-2::GFP andPAR-6::GFPat the endof polariza-
tion (Figures 5C–5E and Figure S4), persistence of NMY-2
cortical patches in the anterior during cytokinesis (Figure S4),
and the kinetics of contractile ring closure (Figures 5F and
5G). Finally, depleting ANI-2 increased myosin turnover in
par-4 embryos (Figures 5H and 5I). ANI-2 depletion did not
lead to a significant modification of these phenotypes in wild-
type embryos, indicating that ANI-2 activity is higher in par-4
mutants compared towild-type animals. These results indicate
that all of the actomyosin-dependent defects observed inpar-4
mutant embryos are caused by a gain of ANI-2 function.



Figure 4. PAR-4 Modulates ANI-2 Localization in Early Embryos

(A) Maximal-projection images of ten confocal midplane sections (of 1 mm each) of wild-type or par-4(it57) embryos immunostained with antibodies against

the indicated proteins, at the time of polarization and at the two-cell stage.

(B) Same as in (A) for control or ani-2(RNAi) wild-type embryos immunostained with antibodies against the indicated proteins.

(C) Wild-type or par-4(it57) embryos immunostained with antibodies against PAR-4 and ANI-2. Insets are magnified (23) to show cortical accumulation

(arrowhead) of ANI-2 in par-4 embryos (see quantification in Figure S3).

(D) Same as in (A) for a par-4(it47) two-cell stage embryo with a site of multiple furrow ingression (arrowhead) and immunostained with antibodies against

PAR-4 and ANI-2. In all panels, anterior is to the left and scale bar is 10 mm. See also Figure S3.
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Embryos lacking PAR-4 function display several pheno-
types that do not only depend on actomyosin contractility,
such as defective segregation of cell fate determinants (PIE-
1 protein, P granules) and reduced asynchrony between the
divisions of AB and P1 blastomeres [2, 8]. Disruption of ani-2
did not suppress these phenotypes (Figure S5), indicating
that the role of ANI-2 is specific to actomyosin contractility
and that ANI-2 functions independently of other PAR-4-depen-
dent pathways that contribute to overall embryo polarization
and viability (see Discussion).

PAR-4 Regulates the Balance between ANI-1
and ANI-2 Functions

The N-terminal part of Drosophila or human anillin contains
formin-, myosin-, and actin-binding domains; the C-terminal
part contains an anillin homology domain (AHD), which inter-
acts with actin regulator RhoA and the small GTPase regulator
MgcRacGAP, and a PH domain that can interact with septins
[23–26]. In C. elegans, the canonical anillin protein ANI-1 is
predicted to have all four domains; it organizes cortical
contractility during polarization and the asymmetric closure
of the cytokinetic furrow [19, 27]. ANI-2 is a shorter isoform
of anillin that lacks the N-terminal domains predicted to bind
myosin and actin [19]. By competing with ANI-1 for the binding
of C-terminal domain partners, this shorter isoform could
function in a dominant-negative manner and thus negatively
regulate actomyosin contractility. To test this, we depleted
ANI-1 from wild-type and par-4 embryos and measured the
kinetics of contractile ring closure, as well as the position of
PAR-6::GFP domain at the end of polarization. We found that
although ANI-1 depletion had no effect on the position of
cortical PAR-6::GFP, it caused an increase in the duration of
cytokinetic ring ingression in par-4 mutant embryos (Fig-
ure 6A). This is consistent with previous work showing that
ANI-1 is dispensable for proper polarization, whereas it is
required for asymmetric ingression during cytokinesis [19, 27].
Importantly, simultaneous depletion of ANI-2 and ANI-1 failed
to suppress both phenotypic defects displayed by par-4



Figure 5. Disruption of ani-2 Partially Suppresses All Actomyosin-Dependent Phenotypes of par-4 Embryos

(A) Representative kymographs showing the polarized movements of NMY-2::GFP along the anteroposterior axis in wild-type and par-4 mutant embryos

treated for 24 hr with control (vector alone) or ani-2(RNAi). Anterior is to the left.

(B) Quantification of the velocities of NMY-2::GFP foci6 SD at the posterior of wild-type and par-4 embryos treated for 24 hr with control (solid bars) or ani-2

(RNAi) (striped bars); n = 10–13 for each condition.

(C) DIC (left panels) and epifluorescence (right panels) images showing the extent of PAR-6 cortical domain at the time of pronuclei meeting in par-4(it57)

embryos treated with control or ani-2(RNAi). Arrowheads indicate the estimated limit of PAR-6 domains for each condition. Anterior is to the left.

(D) Quantification 6 SD of the distribution of PAR-6::GFP compared to the maximal intensity of PAR-6::GFP around the cortex in control (red line, n = 9) or

ani-2(RNAi) (black line, n = 9) embryos.

(E) Quantification of the mean percentage 6 SD of cortical perimeter occupied by 70% of the maximal PAR-6::GFP intensity in strains treated with control

(solid bars) or ani-2(RNAi) (striped bars).

(F) Sequential images showing the ingression of the cytokinetic ring at different times in vertically mounted wild-type or par-4 embryos expressing

NMY-2::GFP and treated with control or ani-2(RNAi). For each strain, time 0 corresponds to the first frame showing cortical recruitment of NMY-2::GFP.

(G) Quantification of the mean duration of cytokinetic furrow ingression 6 SD (from furrow formation to enclosure) in each strain treated with control (solid

bars) or ani-2(RNAi) (striped bars); n = 8–12 for each condition.

(H) Quantification of FRAP 6 SEM in wild-type (red lines) and par-4(it57) (blue lines) embryos treated with control (solid lines) or ani-2(RNAi) (dashed lines);

n = 9–13 for each condition.
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Figure 6. Depletion of ani-1 Impairs Suppression

of par-4 Phenotypes by ani-2(RNAi)

(A) Quantifications of the duration of cytokinetic

furrow ingression, distribution of PAR-6::GFP

fluorescence intensity, andmaximal NMY-2::GFP

FRAP in control embryos or embryos depleted

for ANI-1 and/or ANI-2. The numbers in paren-

theses indicate the number of embryos assayed.

*p < 0.05 (Student’s t test) significantly different

from the same strain treated with control(RNAi).

ND denotes not determined.

(B) A new PAR-4/LKB1 pathway to regulate acto-

myosin contractility. In normal embryos, PAR-4

prevents ectopic ANI-2 accumulation, thereby

allowing the actomyosin cytoskeleton assem-

bled by ANI-1 to be dynamically restructured during polarization and cytokinesis. When PAR-4 is depleted, ANI-2 increases and blocks actomyosin

dynamics, possibly by competing with ANI-1 for the binding of one or many regulators, and actomyosin is properly assembled but poorly dynamic. This

pathway does not directly regulate the activation of the PAR-1 kinase by PAR-4, which leads to proper localization of cell fate determinants by regulating

MEX-5/6 activity. See also Figure S5.
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embryos (Figure 6A). These results indicate that the suppres-
sion of par-4 phenotypes by ANI-2 depletion requires the pres-
ence of the canonical anillin ANI-1 and support a model in
which the contractility defects observed in par-4 mutants are
due to the perturbation of ANI-1 function by ANI-2 (Figure 6B).

Surprisingly, in FRAP experiments, depleting ANI-1 phe-
nocopied ANI-2 depletion and resulted in a restoration of
myosin mobility at the cortex of par-4 mutant embryos (Fig-
ure 6A). However, the actomyosin cortex is severely disorga-
nized in ani-1(RNAi) embryos: NMY-2 fails to coalesce into
robust patches [19]. ANI-1-depleted embryos have normal
polarity and can complete cytokinesis ([19]; Figure 6A), indi-
cating that ANI-1 does not regulate contractility per se, but
rather regulates the organization of the actomyosin cortex.
We conclude that the gain of ANI-2 function observed in
par-4 embryos only affects cortical myosin turnover in
NMY-2 patches and that disrupting the formation of these
patches abrogates the negative regulation by ANI-2. This is
consistent with previous reports indicating that the degree of
organization of the actomyosin network inversely correlates
with the turnover of its components [28–30].

Discussion

In the present study, we explored the role of PAR-4 in the regu-
lation of actomyosin contractility during early C. elegans
embryonic development. We found that par-4 mutations
reduce the efficiency of actomyosin contractility during two
important developmental events in the zygote: establishment
of polarity and cytokinesis. We further demonstrated that
PAR-4 promotes the turnover of myosin at the cortex of polar-
izing embryos. Finally, we showed that depletion of ANI-2, one
of the anillin homologs in C. elegans, suppresses the actomy-
osin defects displayed by par-4mutants and that the presence
of the canonical anillin scaffold ANI-1 is essential to achieve
this suppression. Our results support a model in which ANI-2
negatively regulates actomyosin contractility by competing
with the actomyosin-organizing function of ANI-1 downstream
of PAR-4 signaling (Figure 6B). We propose that PAR-4 regu-
lates cell polarity and actomyosin contractility dynamics by in-
hibiting ANI-2 and ensuring the mobility of cortical myosin
during the first steps of C. elegans embryonic development.
(I) Quantification of the percentage of maximal fluorescence recovery6 SEM fo

compared to wild-type embryos treated with control(RNAi), and **p < 0.05 (Stu

See also Figure S4.
Our results support observations [22] that PAR-4, although
symmetrically localized in the embryo, regulates the anterior-
directed actomyosin contractile flow. Although cortical flows
were not totally abolished in par-4 embryos, their speed was
reduced by 30% compared to wild-type. As a consequence,
the localization of cortical NMY-2::GFP and PAR-6::GFP was
not fully restricted to the anterior half of par-4 embryos. This
is consistent with the observation that PAR-6 is aberrantly
present in the posterior of dividing par-4 mutant embryos
[31]. It was also reported that blebs form during the first cytoki-
nesis of par-4 embryos [8]. Our study indicates that this pheno-
type results directly from defects in actomyosin dynamics
during contractile ring assembly and specification of the
cleavageplane.Weshowed that the contractile ring assembles
more slowly, is inaccurately positioned, and ingresses more
slowly in par-4 mutants than in wild-type embryos. These
cytokinesis defects are consistent with observations that
Drosophila lkb1 null mutants have an increased incidence of
polyploidy, which could result from failed cytokineses [32].
We showed that disruption of ani-2 restores normal actomy-

osin contractility in par-4 embryos at fully restrictive tempera-
ture but suppresses par-4 lethality only at semirestrictive
temperature. Thus, the actomyosin defects of par-4 mutants
cannot be the only cause of par-4 lethality. Indeed, par-4
embryos also display missegregation of cell fate determinants
such as PIE-1 and P granules, loss of cell-cycle asynchrony
between the AB andP1 blastomeres, and loss of differentiation
and specification of tissues [8]. Depleting ani-2 does not
suppress these phenotypes. This suggests that PAR-4 func-
tions upstream of at least two pathways in the early embryo:
one that regulates cell fate specification by segregating PIE-
1 and P granules and that depends on PAR-1 and MEX-5
proteins [21, 33], and another promoting efficient actomyosin
contractility through negative regulation of ANI-2. The defects
observed in the two pathways might have additive effects on
embryonic viability, which could explain the reversion of acto-
myosin phenotypes by ani-2(RNAi) treatment at high restric-
tive temperature while embryonic lethality remains. Consistent
with this notion, loss of PAR-4 activity completely abrogates
the proper segregation of cell fate determinants but does not
result in a complete mislocalization of PAR-6. Restoring
normal actomyosin might therefore only promote viability at
r each condition. In all panels, scale bar is 10 mm, *p < 0.05 (Student’s t test)

dent’s t test) compared to par-4mutant embryos treated with control(RNAi).
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semipermissive temperatures, when more PAR-4 is active in
the embryo and cell fate determinants are properly segre-
gated. The antagonistic relationship between PAR-4 and
ANI-2 may also regulate other actomyosin contractility
processes, such as gastrulation and elongation, that are
essential later in embryonic development.

How could a gain of ANI-2 function reduce actomyosin
contractility in par-4 mutants? Several lines of evidence
support a role in negative regulation of actomyosin by this
short C. elegans anillin isoform. First, ANI-2 is enriched on
the rachis lining of the syncitial oogenic gonad, and its disrup-
tion leads to a precocious individualization of oocytes, a
process that requires active myosin [19, 34]. Therefore, the
diminution of ANI-2 in this context could allow abnormal
myosin activation, thus driving oocyte cellularization. Second,
sequence analysis of C. elegans anillin [19] indicates that
ANI-2 lacks the N-terminal domain that allows binding to
myosin and F-actin but possesses the C-terminal AHD and
PH domains implicated in binding actomyosin regulators
such as RhoA, MgcRacGAP, and septins [23–26]. This
suggests a model in which ANI-2 uncouples myosin and
F-actin from some of their major regulators in a dominant-
negative fashion by competing with the function of the canon-
ical anillin ANI-1. In support of this model, we find that ani-2
inhibition can restore normal PAR-6 localization and cytoki-
netic ring ingression in par-4 mutants only when ANI-1 is
present (Figure 6A). However, the role of ANI-1 in this model
is ambiguous, because depleting ANI-1 in par-4 mutant
embryos suppresses myosin turnover during polarization
but enhances ingression defects during cytokinesis. We
believe that this apparent discrepancy is due to the known
function of ANI-1 in actomyosin organization and a differential
requirement for actomyosin function during these two cellular
processes. ANI-1 promotes actomyosin organization and
assembly, which itself was reported to negatively regulate
myosin turnover in other systems [28, 29, 35]. Therefore, a
depletion of ANI-1 in the early embryo would result in
increased myosin mobility due to a defect in myosin organiza-
tion into patches. Why would this have a different impact on
cytokinesis? During polarization, myosin turnover is critical
to promote cytoplasmic flows [17], but flows can occur in
ani-1(RNAi) embryos in which the cortex is disorganized
[19], indicating that myosin turnover is the limiting process
at this stage. However, formation of the contractile ring during
cytokinesis requires a high degree of actomyosin organization
[36] but does not depend heavily on myosin turnover [37, 38].
Because of its important function in promoting actomyosin
organization, depleting ANI-1 would therefore differentially
affect these two processes when ‘‘dominant-negative’’
ANI-2 is functional. Our results therefore indicate that the
mechanism by which par-4 affects actomyosin contractility
relies on a finely tuned balance between the two anillin iso-
forms in the early C. elegans embryo. Given the conserved
function of PAR-4 in regulating cell polarity, it will be inter-
esting to investigate whether this LKB1-dependent pathway
is conserved in other species and cell types.
Experimental Procedures

All strains were maintained as described by Brenner [39] and were grown at

15�C and assayed at 25�C unless otherwise stated. For time-lapse imaging,

embryos were mounted as previously described [1] and image analysis was

performed using various quantification tools. For more information, please

see the Supplemental Experimental Procedures.
Supplemental Information

Supplemental Information includes five figures, one table, Supplemental

Experimental Procedures, and three movies and can be found with this

article online at doi:10.1016/j.cub.2011.01.010.
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Recherche en Santé du Québec (FRSQ). M.M. holds a fellowship from the

Boehringer Ingelheim Foundation. A.S.M. is supported by a salary award

from the FRSQ. This work was funded by a grant from the Canadian Insti-

tutes of Health Research (158715) to J.-C.L., who holds the Canada

Research Chair in Cell Division and Differentiation. IRIC is supported in

part by the Canadian Center of Excellence in Commercialization and

Research, the Canada Foundation for Innovation, and the FRSQ.

Received: September 6, 2010

Revised: December 8, 2010

Accepted: January 5, 2011

Published online: January 27, 2011

References

1. Sulston, J.E., Schierenberg, E., White, J.G., and Thomson, J.N. (1983).

The embryonic cell lineage of the nematode Caenorhabditis elegans.

Dev. Biol. 100, 64–119.

2. Kemphues, K.J., Priess, J.R., Morton, D.G., and Cheng, N.S. (1988).

Identification of genes required for cytoplasmic localization in early

C. elegans embryos. Cell 52, 311–320.

3. Hyenne, V., Chartier, N.T., and Labbé, J.C. (2010). Understanding the
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