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ABSTRACT Cytokinesis completes cell division by constriction of an actomyosin contractile
ring that separates the two daughter cells. Here we use the early Caenorhabditis elegans
embryo to explore how the actin filament network in the ring and the surrounding cortex is
regulated by the single cytokinesis formin CYK-1 and the ARP2/3 complex, which nucleate
nonbranched and branched filaments, respectively. We show that CYK-1 and the ARP2/3
complex are the predominant F-actin nucleators responsible for generating distinct cortical
F-actin architectures and that depletion of either nucleator affects the kinetics of cytokinesis.
CYK-1 is critical for normal F-actin levels in the contractile ring, and acute inhibition of CYK-1
after furrow ingression slows ring constriction rate, suggesting that CYK-1 activity is required
throughout ring constriction. Surprisingly, although the ARP2/3 complex does not localize in
the contractile ring, depletion of the ARP2 subunit or treatment with ARP2/3 complex in-
hibitor delays contractile ring formation and constriction. We present evidence that the de-
lays are due to an excess in formin-nucleated cortical F-actin, suggesting that the ARP2/3
complex negatively regulates CYK-1 activity. We conclude that the kinetics of cytokinesis are
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modulated by interplay between the two major actin filament nucleators.

INTRODUCTION

Cytokinesis is the process that completes cell division by physically
partitioning the contents of the mother cell into the two daughter
cells. In metazoans, cytokinesis is accomplished via the assembly
and constriction of a contractile ring, a differentiated part of the cell
cortex that assembles around the cell equator beneath the plasma
membrane after anaphase onset. Constriction of the ring progres-
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sively draws the plasma membrane inward, closing the gap between
the two daughter cells. Electron microscopy studies show that the
contractile ring is a thin layer primarily composed of circumferen-
tially oriented actin filaments with interdigitating filaments of
nonmuscle myosin I, integrated in a surrounding cortex that is
mostly composed of a crisscross filamentous actin (F-actin) network
(Schroeder, 1972; Sanger and Sanger, 1980; Maupin and Pollard,
1986; Kamasaki et al., 2007; Henson et al., 2017).

Formins are highly conserved multidomain proteins that dimerize
through the formin-homology domain 2 to form a donut-shaped
structure, which initiates actin filament assembly and remains associ-
ated with the barbed end of the actin filament to facilitate rapid elon-
gation. Most formins exist in an autoinhibited conformation and are
activated by binding to guanosine triphosphate (GTP)-bound Rho
(Watanabe et al.,, 1997; Otomo et al., 2005; Rose et al., 2005).
Formins are required for cytokinesis in several species, including
Caenorhabditis elegans (Chang et al., 1997; Pelham and Chang,
2002; Severson et al., 2002; Watanabe et al., 2008). The current cy-
tokinesis model postulates that formins are the nucleators/elonga-
tors of parallel actin filaments in the contractile ring (Severson et al.,
2002; Coffman et al., 2013; Davies et al., 2014) and are locally
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activated by GTP-bound Rho at the cell equator (Motegi et al., 2006;
Watanabe et al., 2010; Miller, 2011).

The ARP2/3 complex, another major F-actin nucleator, is com-
posed of seven subunits, two of which, ARP2 and ARP3, closely re-
semble the structure of monomeric actin and serve as nucleation
sites for new actin filaments. The complex binds to the sides of exist-
ing actin filaments and initiates growth of a new filament at a 70°
angle from the mother filament, giving rise to branched actin fila-
ment networks (Pollard, 2007). During cytokinesis, it has been sug-
gested that the ARP2/3 complex must be inactivated at the cell
equator because it might otherwise interfere with the formin-nucle-
ated F-actin network (Jordan and Canman, 2012; Pollard, 2017).
Depletion of the ARP2/3 complex has been reported to result in cor-
tical instability without altering the kinetics of cytokinesis (Severson
et al., 2002; Velarde et al., 2007; Canman et al., 2008; Loria et al.,
2012) and to facilitate cytokinesis in C. elegans embryos after inhibi-
tion of the Rho/Rac regulators ECT-2 or CYK-4 (ect-2[ax751ts] and
cyk-4[or749ts]) (Canman et al., 2008; Loria et al., 2012). Formin and
ARP2/3 complex-nucleated actin filament networks coexist in cells
and therefore compete for a shared pool of monomeric actin (Burke
etal., 2014). How this competition impacts actin network homeosta-
sis during cytokinesis, which heavily relies on actin network dynam-
ics, is an emerging topic of investigation (Burke et al., 2014; Suarez
et al., 2015). In this study, we use quantitative live-imaging in the C.
elegans one-cell embryo to define the contributions of CYK-1 and
the ARP2/3 complex to cortical F-actin organization and to the kinet-
ics of cytokinesis. Our results reveal interplay between the ARP2/3
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FIGURE 1: The ARP2/3 complex and the formin CYK-1 define the cortical actin filament
network during cytokinesis in the one-cell C. elegans embryo. (A) Central and cortical sections of
control embryos (left) or embryos codepleted of ARX-2 and CYK-1 (right) coexpressing
LifeAct::GFP and mCherry::histone H2B (control n = 9; arx-2; cyk-1(RNAI) n=7). (B) Stills from
time-lapse imaging series showing the cortex of control, ARX-2-depleted, or CYK-1 partially
depleted embryos expressing LifeAct::GFP. The interval shown is from anaphase onset (time
point 0 s) to back-to-back membrane configuration (control n = 9; arx-2(RNAI) n = 7; cyk-1(RNAi)

n = 8). Scale bars, 10 um. See also Supplemental Figure S1.
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complex and CYK-1 and, contrary to prevailing models, suggest that
the ARP2/3 complex makes a positive contribution to cytokinesis.

RESULTS

The ARP2/3 complex and CYK-1 nucleate the cortical actin
filament network during cytokinesis

To dissect the roles of F-actin nucleators during cytokinesis in the C.
elegans early embryo, we first sought to establish the identity of the
nucleators that generate the cortical F-actin network. Live imaging
of LifeAct::GFP (green fluorescent protein) revealed that during the
early stages of cytokinesis in the one-cell embryo, F-actin is orga-
nized into a crisscross meshwork of filaments and bright puncta
(Figure 1A). A similar organization had previously been observed
with other probes for F-actin (Davies et al., 2014; Ding et al., 2017).
We found that RNA interference (RNAi)-mediated codepletion of
the formin CYK-1 and ARX-2, the ARP2 subunit of the ARP2/3 com-
plex, greatly diminished cortical LifeAct::GFP signal and abolished
both the filamentous and punctate actin population (Figure 1A).
Thus, CYK-1 and the ARP2/3 complex are the main F-actin nuclea-
tors during cytokinesis in this system, consistent with a previous re-
port (Davies et al., 2014). To define the contribution of CYK-1 and
the ARP2/3 complex to cortical F-actin organization, we analyzed
single depletions of CYK-1 and ARX-2. Since thorough depletion of
CYK-1 prevents cytokinesis (Supplemental Figure S1A; Severson
et al., 2002), we also examined partial CYK-1 depletions, which still
allowed for completion of ring constriction. In control embryos, a
distinct accumulation of linear and parallel actin filament bundles in
a well-defined equatorial band was ob-
served as the cortex started to deform
(Figure 1B). Penetrant or partial depletion of
CYK-1 led to the disappearance or substan-
tial decrease of these F-actin bundles on
the equatorial cortex, respectively (Figure
1B and Supplemental Figure S1A), while
the punctate actin structures were unaf-
fected. By contrast, penetrant depletion of
ARX-2, or treatment with the ARP2/3 com-
plex inhibitor CK-666, resulted in complete
loss of punctate structures, an accentuated
crisscross meshwork, and a delay in the for-
mation of a well-defined equatorial band
(Figure 1B, Supplemental Figure S1B, and
Supplemental Video S1). We conclude that
CYK-1 and the ARP2/3 complex make dis-
tinct contributions to the organization of the
cortical F-actin network during cytokinesis:
CYK-1 is essential to generate F-actin bun-
dles that form the contractile ring, while the
ARP2/3 complex ensures the timely forma-
tion of the equatorial F-actin band.

LifeAct::GFP

CYK-1 is required for equatorial
deformation and ring constriction

We next evaluated the contribution of
CYK-1 and the ARP2/3 complex to three
distinct stages of cytokinesis: 1) contractile
ring assembly, defined as the interval be-
tween anaphase onset (i.e., the separation
of sister chromatids) and shallow deforma-
tion at the equatorial cortex; 2) furrow
initiation, defined as the interval between
shallow deformation and formation of a
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FIGURE 2: Partial depletion of CYK-1 impairs furrow initiation and slows down contractile ring constriction. (A) Schematic
illustrating the intervals of contractile ring assembly, furrow initiation, and ring constriction in the one-cell embryo used
for assessing the kinetics of cytokinesis. (B, B’) Mean duration of the cytokinesis intervals described in A measured in
control embryos and embryos increasingly depleted of CYK-1 using an RNAi time-course regime (B). Embryos were
imaged at defined time points after dsRNA injection—the longer the time after injection, the more depleted the embryos
(B). N is the number of embryos analyzed. Error bars represent 95% Cl. (C) Kymographs of the equatorial region of
control or CYK-1 partially depleted embryos expressing myosinNY2::GFP. First frame corresponds to anaphase onset.
Red and yellow bars indicate the intervals of ring assembly and furrow initiation, respectively. (D) Ring closure asymmetry
(mean + 95% ClI) in control or CYK-1 partially depleted embryos measured after completion of ring constriction, as
illustrated on the left. N is the number of embryos analyzed. (E) Central plane images of control or CYK-1 partially
depleted embryos expressing GFP::anillinAN-" (left) and septinVNC-57::GFP (right) at 50% furrow ingression (control
GFP::anillinANH! n = 6, septinNS59::GFP n = 7; cyk-1(RNAI) GFP::anillinANH! n = 8, septinNE59::GFP n = 6). (F, F') Mean
LifeAct::GFP intensity (£95% CI) on the total cortex (F) or the equatorial region (F') 10 s before shallow deformation.
Values for n number of embryos were normalized to the mean of controls. (G, G’) Central plane images of control or
CYK-1 partially depleted embryos expressing LifeAct::GFP at 50% furrow ingression (G) and average signal
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back-to-back membrane configuration; and 3) ring constriction, de-
fined as the interval after back-to-back membrane formation, when
the furrow ingresses toward the embryo center and the contractile
ring is observed at the furrow tip (Figure 2A). The timing of ana-
phase onset, equatorial shallow deformation, back-to-back mem-
brane configuration, and the distance over time between both
sides of the ingressing furrow (ring constriction rate) were deter-
mined in the central plane of the embryo. To define the role of
CYK-1, we used an RNAI time course to progressively lower CYK-1
levels. We reasoned that if CYK-1 is responsible for generating the
actin filaments that compose the contractile ring and the amount of
F-actin in the ring in turn dictates constriction rate, rings containing
progressively less formin should constrict at a correspondingly
slower rate. The oocyte-producing gonad is ideally suited for RNAI
time-course approaches: introduction of double-stranded RNA
(dsRNA) by injection triggers the degradation of target mRNA in
the syncytium while the existing target protein is continually pack-
aged into oocytes. As a result, target protein levels in newly fertil-
ized embryos gradually decrease with time after RNA injection
(Kirkham et al., 2003; Velarde et al., 2007; Figure 2B). Live imaging
of nonmuscle myosin"M¥-2::GFP showed that the ring assembly in-
terval remained essentially constant despite the decrease in CYK-1
levels (57.6 £ 3.7 svs. 58.1 + 4 s in controls, Figure 2B’). By contrast,
furrow initiation and ring constriction were increasingly affected.
The furrow initiation interval increased approximately fivefold
(265 + 40 s vs. 52.7 + 2.9 s in controls), and while control embryos
steadily progressed from shallow U-shaped to steeper V-shaped
equatorial deformation, embryos partially depleted of CYK-1 had
difficulties in establishing the back-to-back membrane configura-
tion, often making several abortive attempts (Figure 2C and Sup-
plemental Video S2). In addition, ring constriction rate decreased
by approximately twofold (0.08 £ 0.01 pm/s vs. 0.17 + 0.01 um/s
in controls, Figure 2B’). Interestingly, CYK-1-depleted rings con-
stricted concentrically within the division plane (Figure 2D).
Concentric ring closure had previously been described for rings
depleted of anillin or septins (Maddox et al., 2007; Dorn et al.,
2016), yet both proteins were present at normal levels in CYK-1-
depleted rings (Figure 2E). Thus, CYK-1 may promote asymmetric
furrow ingression independently of anillin and septins.

Quantification of LifeAct::GFP intensity confirmed that partial
depletion of CYK-1 (32-37 h postinjection) decreased F-actin levels
in the cortex before furrow ingression (Figure 2F), especially in the
equatorial region (Figure 2F” and Supplemental Video S1). Levels of
LifeAct::GFP were also decreased in the contractile ring at the tip of
the ingressing furrow (Figure 2, G and G’, and Supplemental Video
S3). Consistent with this, we observed that CYK-1::GFP in control
embryos is enriched at the cell equator during shallow deformation
and in the contractile ring during ring constriction (Figure 2H). Inter-
estingly, a comparison of cytokinesis kinetics in one-, four-, and
eight-cell embryos after partial CYK-1 depletion revealed that de-
creasing the levels of F-actin in the ring did not affect the previously
reported scalability of contractile ring constriction rate (Carvalho
et al., 2009; Supplemental Figure S1C).

To ask whether ring constriction slowdown after partial cyk-
1(RNAI) was a consequence of earlier problems during furrow initia-
tion, we took advantage of the fast-acting cyk-1(or596) tempera-
ture-sensitive mutant (Davies et al., 2014). Rapid upshifting to 26°C
(the restrictive temperature of the mutant) in control one-cell em-
bryos undergoing ring constriction resulted in faster constriction, as
expected (Begasse et al., 2015), whereas ring constriction in cyk-
1(or596) failed to speed up when the upshift was performed imme-
diately after formation of the back-to-back membrane configuration
or during the second half of constriction (Figure 2I). We conclude
that CYK-1 is essential for equatorial deformation and subsequently
needs to remain active in the constricting ring to ensure normal con-
striction kinetics.

The ARP2/3 complex is required for timely assembly

and constriction of the contractile ring

We next evaluated the role of the ARP2/3 complex, the other major
actin filament nucleator during cytokinesis. ARX-2-depleted em-
bryos presented slight cortical instability throughout cytokinesis
(Supplemental Video S2; Loria et al., 2012). Interestingly, we found
that the kinetics of cytokinesis were significantly affected after pen-
etrant depletion of ARX-2, as well as after treatment with the small
molecule inhibitor CK-666 (Nolen et al., 2009). Ring assembly was
delayed (ARX-2 depletion 89.3 £ 8.5 s and CK-666 treatment 127.8
+20.2 svs. 56.4 + 2.6 s in controls), furrow initiation occurred faster
(ARX-2 depletion 42 £ 3 s and CK-666 treatment 43.3 £ 5.6 s vs. 53.6
+ 2.5 s in controls), and ring constriction was slower (ARX-2 deple-
tion 0.14 £ 0.01 pym/s and CK-666 treatment 0.14 + 0.01 pm/s vs.
0.17 £ 0.01 um/s in controls; Figure 3, A and B, and Supplemental
Video S2). Ring closure was asymmetric like in controls (Figure 3C).
Of note, ARX-2::GFP was not detected in the contractile ring but
was diffusely present in the cytoplasm and in cortical puncta on the
anterior side of control embryos (Figure 3D). Although a reduction
of ARP2/3 complex levels might be expected at the cell equator
(Yoshizaki et al., 2003; Canman et al., 2008; Zhuravlev et al., 2017),
we were unable to detect a difference in ARX-2::GFP signal at the
equatorial cortex in the interval between anaphase onset and equa-
torial shallow deformation (Figure 3D’). We conclude that the
ARP2/3 complex is important for timely cytokinesis and that its im-
pact on cytokinesis kinetics is likely exerted from outside the con-
tractile ring.

Delayed equatorial band formation after ARP2/3 complex
depletion is unlikely due to altered distribution of polarity
proteins

Depletion of ARX-2 resulted in a disorganized F-actin cortex and
delayed the appearance of a well-defined equatorial band (Figures
1B and 4A). Anillin®NF1::GFP and nonmuscle myosinNM¥2::GFP dis-
played similar cortical behaviors (Figure 4A). In contrast to controls,
the equatorial band was only poorly defined in ARX-2-depleted em-
bryos 50 s after anaphase onset and only became apparent later at
the time of equatorial shallow deformation (Figure 4, A and B).
ARX-2 depletion is known to affect the distribution of polarity

intensity (£95% Cl) at the furrow tip for n number of embryos (G’), as indicated in the schematic. Values were normalized
to the mean of controls. (H) Images of the cortical (60 s after anaphase onset) and center planes (at 50% furrow
ingression) in control embryos expressing CYK-1::GFP (n = 8). (I) Ring constriction rate in one-cell control or cyk-1(or596)
embryos at 16°C or after temperature upshift from 16° to 26°C during the first half or second half of constriction. Values
are plotted as mean £ 95% ClI for n number of embryos. Statistical significance was determined using one-way analysis of
variance (ANOVA) followed by Bonferroni’s multiple comparison test in B”and | and the t test in D, F, F’, and G. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. = not significant (p > 0.05). Scale bars, 10 pm.
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FIGURE 3: Inhibition of the ARP2/3 complex delays contractile ring assembly and slows down constriction.

(A) Kymographs of the equatorial region in control or penetrant ARX-2-depleted one-cell embryos expressing
myosinNMY-2::GFP. First frame corresponds to anaphase onset. Red and yellow bars indicate the intervals of ring
assembly and furrow initiation, respectively. (B) Mean duration (+95% Cl) of ring assembly and furrow initiation, as
defined in Figure 2A, and ring constriction rate in one-cell embryos for controls, partial, and penetrant (penet.)

ARX-2 depletions, and after CK-666 treatment. Control values are derived from impermeable and permeable embryos,
since they behaved similarly. N is the number of embryos analyzed. (C) Ring closure asymmetry (mean +95% Cl)

in control embryos and after penetrant ARX-2 depletion or CK-666 treatment, measured after completion of ring
constriction, as illustrated on the left. N is the number of embryos analyzed. (D) Central and cortical sections of embryos
expressing ARP24R%2::GFP at 120 s after anaphase onset. Images are representative of five embryos filmed. (D’) Mean
intensity (+ 95% Cl) of ARP24”R%2::GFP on the equatorial cortex at anaphase onset (AO) and shallow deformation (SD).
Statistical significance was determined using one-way ANOVA followed by Bonferroni’s multiple comparison test,

*p < 0.05, ***p < 0.001, ****p < 0.0001, n.s. = not significant (p > 0.05). Scale bars, 10 pm.

proteins before cytokinetic furrowing (Xiong et al., 2011; Shivas and
Skop, 2012), and cell polarity is thought to promote robust cytokine-
sisin C. elegans embryos (Xiong et al., 2011; Shivas and Skop, 2012;
Jordan et al., 2016). It was therefore possible that equatorial band
formation after ARX-2 depletion was delayed due to the effect on
polarity. In control embryos, the polarity proteins PAR-6 and PAR-2
occupy the anterior and posterior halves of the cortex, respectively,
with the boundary between the two domains situated at 55% of em-
bryo length, where the furrow forms (Figure 4B). We confirmed that
ARX-2-depleted embryos have a smaller PAR-6 domain and a cor-
respondingly expanded PAR-2 domain (Figure 4B). The altered
PAR-6/PAR-2 distribution was apparent at anaphase onset but was
subsequently corrected, so that the PAR-6/PAR-2 domain boundary
coincided with the furrow position by the time a back-to-back mem-

100 | F-Y.Chan etal.

brane configuration had formed (Supplemental Figure S2). Reposi-
tioning of the polarity boundary to match the cytokinesis furrow had
been reported previously (Schenk et al., 2010). Importantly, a similar
alteration of PAR-6/PAR-2 distribution with subsequent correction
occurred in embryos partially depleted of CYK-1, yet these embryos
presented a well-defined equatorial band that formed with normal
timing (Figure 4B). Thus, the delay in equatorial band formation in
ARX-2-depleted embryos is unlikely to be caused by altered polarity
protein distribution before furrow initiation.

ARP2/3 complex depletion increases CYK-1 and F-actin
levels at the cell cortex and in the contractile ring
Measurements of fluorescence intensity on the cell cortex 50 s after
anaphase onset and in the contractile ring at 50% ingression showed

Molecular Biology of the Cell
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that LifeAct::GFP levels were significantly increased after depletion
of ARX-2 (Figure 5, A and B, Supplemental Figure S3, A-C, and
Supplemental Videos S1 and S3). By contrast, cytoplasmic
LifeAct::GFP levels remained unchanged relative to controls.
Because monomeric actin distributes among competing actin fila-
ment networks (Burke et al., 2014; Henson et al., 2015), the increase
in LifeAct::GFP levels after ARP2/3 complex depletion could be due
to the excess of monomeric actin available for incorporation into
existing formin-nucleated filaments, which would consequently be-
come longer. Alternatively, elevated F-actin levels may reflect an in-
crease in the number of nucleated filaments. Furthermore, as anillin
has been described to suppress F-actin levels in the contractile ring
(Jordan et al., 2016), it is possible that the F-actin level increase ob-
served in ARX-2-depleted embryos is a consequence of decreased
anillin levels. We found that depletion of ARX-2 did not alter the
amount of anillin in the contractile ring (Supplemental Figure S3,
A-C) but resulted in a significant increase in CYK-1::GFP levels on
the cortex (Supplemental Video S4) and at the tip of the ingressing
furrow (Figure 5, C-F). A slight increase in the levels of GFP::AHPH
(the C-terminus of anillin), a sensor for Rho activity, but not non-
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muscle myosinN\M¥2::GFP, a downstream target of Rho, were also
observed (Supplemental Figure S3, A-D). To control for the effects
of ARX-2 depletion on polarity, we abrogated polarity by depleting
PAR-6, which did not increase cortical levels of LifeAct::GFP or CYK-
1::GFP (Supplemental Figure S4, B and C). Taken together, these
results suggest that ARP2/3 complex inhibition results in an increase
in CYK-1 activity, which in turn increases the number of actin fila-
ments on the cortex and in the constricting contractile ring.

Defects in cytokinesis kinetics after ARP2/3 depletion are
rescued by codepletion of CYK-1

To test whether increased CYK-1 activity was responsible for the al-
tered cytokinesis kinetics we observed when the ARP2/3 complex
was inhibited, we performed double depletions of CYK-1 and ARX-
2. In these experiments, ARX-2 was penetrantly depleted, as in pre-
vious experiments, whereas CYK-1 was partially depleted (Figure 6).
The cyk-1(RNAI) condition was milder than the conditions used for
the experiments in Figure 2B” and on its own did not alter cytokine-
sis kinetics (see Materials and Methods; Figure 6B). Reverse-tran-
scription PCR and immunoblotting confirmed that ARX-2 was
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controls. (F) Central plane images of control or ARX-2-depleted embryos expressing formin© "::GFP at 50% furrow
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using the ttest in A, B, E, and F (***p < 0.001, ****p < 0.0001) and the grouped analysis two-way ANOVA followed by
Bonferroni’s multiple comparison test in D. Scale bars, 10 pm. See also Supplemental Figures S3 and S4.

depleted with similar efficiency in single and double depletions
(Supplemental Figure S5). Codepletion of CYK-1 and ARX-2 rescued
the increased F-actin levels in the constricting ring observed after
ARX-2 single depletions (Figure 6C) but did not rescue the slight
cortical instability caused by ARX-2 depletions. Strikingly, the abnor-
mal timing for ring assembly and furrow initiation observed after
ARX-2 depletion was rescued in codepleted embryos (ring assem-
bly: ARX-2 depletion 94.5 £ 10.5 s, mild CYK-1 depletion 57 + 5 s,
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and double depletion 61.3 £ 4.3 s vs. control 56.4 + 2.8 s; furrow
initiation: ARX-2 depletion 43 + 2.8 s, mild CYK-1 depletion 52.3 £
2.4 s, and double depletion 57.5 £ 7.3 s vs. control 53.6 + 1.6 s,
Figure 6, A and B). The ring constriction rate was also faster in the
double depletion compared with ARX-2 depletion on its own,
although it was not fully rescued (ARX-2 depletion 0.14 £ 0.01 pm/s,
mild CYK-1 depletion 0.17 + 0.04 pm/s, double depletion 0.15 *
0.01 pm/s, control 0.17 £ 0.01 pm/s). Abrogation of polarity via
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par-6(RNAi) resulted in a delay in ring assembly but did not affect the
timing of furrow initiation or ring constriction rate (Supplemental
Figure S4, A and D). Importantly, delayed ring assembly after par-
6(RNAI) failed to be rescued by CYK-1 codepletion (Supplemental
Figure S4D), further supporting the idea that the effects of ARX-2
depletion on cytokinesis kinetics are not caused by altered polarity.
We conclude that ARX-2 depletion changes the kinetics of cytokine-
sis primarily due to an increase in CYK-1 activity.

DISCUSSION

We identify the ARP2/3 complex and the formin CYK-1 as the pre-
dominant actin filament nucleators at the cell cortex of the dividing
C. elegans one-cell embryo, in agreement with previous observations
(Davies et al., 2014). Using quantitative live-imaging approaches, we
show that both the ARP2/3 complex and the formin CYK-1 positively
contribute to the kinetics of contractile ring assembly, furrow initia-
tion, and ring constriction. CYK-1 is known to be essential to elongate
actin filaments that form the contractile ring (Severson et al., 2002;
Coffman et al., 2013; Davies et al., 2014), and, as expected, we find
that decreasing CYK-1 levels reduces the amount of F-actin within the
constricting ring. CYK-1 is enriched at the cell equator and in the
constricting ring, and, in agreement with a specific role at the division
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plane, partial depletion of CYK-1 delays furrow initiation and slows
ring constriction. Acute inactivation of CYK-1 after contractile ring as-
sembly using the temperature-sensitive allele or596 shows that
slowed ring constriction is not simply a consequence of problems
during furrow initiation. A previous study using the or5%6 allele
showed that inactivating CYK-1 during the second half of furrow in-
gression does not lead to cytokinesis failure (Davies et al., 2014), rais-
ing the possibility that CYK-1 may become dispensable at later stages
of cytokinesis. Our analysis of ring constriction rate reveals that inacti-
vation of CYK-1 during the second half of furrow ingression causes a
substantial slowdown of ring closure, suggesting that CYK-1 is active
throughout cytokinesis. In vitro, formins have two distinct effects on
actin filaments: they can efficiently elongate filaments when assisted
by profilin, and they can cap filaments to prevent polymerization/de-
polymerization from the barbed end in the absence of profilin (Kovar
etal., 2003; Neidt et al., 2008). The temperature-sensitive CYK-1 mu-
tant encoded by allele or596 is unable to polymerize F-actin in vitro
and in vivo (Davies et al., 2014), but its ability to cap actin filaments
has not been examined. Actin polymerization is thought to occur
within the contractile ring throughout cytokinesis (Silva et al., 2016;
Chew et al., 2017) and could be formin dependent. However, it is also
possible that CYK-1 acts as an F-actin nucleator/elongator during
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early furrowing but subsequently transitions into a capper during ring
constriction. In support of this idea, the elongation activity of cdc12p,
the equivalent formin in Schizosaccharomyces pombe, is inhibited by
myosin pulling on formin-bound actin filaments (Zimmermann et al.,
2017).

Current models postulate that the ARP2/3 complex acts exclu-
sively as a negative regulator of cytokinesis (Canman et al., 2008;
Loria et al., 2012; Zhuravlev et al., 2017). By contrast, our results
reveal that inhibition of the ARP2/3 complex delays contractile ring
assembly and slows constriction, suggesting that the ARP2/3 com-
plex makes a positive contribution. We show that the slowing of
cytokinesis after ARP2/3 complex inhibition is caused by an in-
crease in CYK-1-mediated actin polymerization on the cell cortex
and in the contractile ring and not by altered polarity. This reveals
regulatory cross-talk between the two main F-actin nucleators.
Competition between CYK-1 and the ARP2/3 complex for the
same pool of actin monomers, profilin-actin, and other factors ca-
pable of binding both nucleators could explain the increase in cor-
tical F-actin levels when ARP2/3 activity is inhibited (Burke et al.,
2014; Suarez et al., 2015). Importantly, we also observe that corti-
cal levels of CYK-1 itself increase under these conditions. This sug-
gests that ARP2/3 complex inhibition not only frees up monomeric
actin that can be used by CYK-1 but also up-regulates CYK-1 activ-
ity. Increased monomeric actin levels after low-dose latrunculin B
treatment were previously suggested to activate formins in Xeno-
pus XTC cells, although this effect still depended on upstream Rho
activity (Higashida et al., 2008; Ramabhadran et al., 2013). It is
conceivable that ARP2/3 complex inhibition could activate CYK-1
by stimulating Rho activity, as ARX-2-depleted embryos have in-
creased cortical levels of GFP:AHPH, a sensor for active Rho
(Piekny and Glotzer, 2008; Tse et al., 2012; Wagner and Glotzer,
2016). Increased Rho activity was also observed in ARP2/3
complex—depleted B35 rat neuroblastoma cells (Korobova and
Svitkina, 2008). However, we note that the increased GFP::AHPH
signal on the cell cortex is not as spread out as the signal of CYK-
1::GFP or LifeAct::GFP, and overall levels of NMY-2::GFP and
GFP::ANI-1, which also function downstream of Rho, are not in-
creased after ARX-2 depletion. Thus, a potential effect of ARP2/3
complex inhibition on Rho will need further investigation with
other sensors for Rho activity. Alternatively, the ARP2/3 complex
could regulate CYK-1 through a direct interaction. For example, it
has been proposed that a complex of mDia2 (one of the mamma-
lian Diaphanous formins), WAVE2 (an ARP2/3 activator), and
the ARP2/3 complex inhibits filopodial extension in Hela cells
(Beli et al., 2008).

While our results suggest that the ARP2/3 complex is required
in the surrounding cortex to prevent excessive CYK-1 activity, it is
likely that the ARP2/3 complex is inactivated specifically at the cell
equator to prevent interference with the formation of nonbranched
actin filaments necessary for efficient filament sliding and ring clo-
sure. Branched filaments nucleated by the ARP2/3 complex in-
crease drag, and filament entanglement by branches prevents ef-
ficient sliding and meshwork contraction (Reymann et al., 2012;
Yang et al., 2012). Inhibition of ARP2/3 complex activity at the cell
equator would be in agreement with the idea that the small
GTPase Rac1, which acts upstream of the ARP2/3 complex in the
lamellipodium (Pollard, 2007), is inactivated by the central spindle-
localized GTPase-activating protein (GAP), MgcRacGAPCY* (Can-
man et al., 2008; Zhuravlev et al., 2017), and that Rac1 activity is
decreased at the division plane in Hela cells (Yoshizaki et al.,
2003). Together, ARP2/3 complex-dependent down-regulation of
formin activity in the surrounding cortex and inactivation of the
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ARP2/3 complex at the cell equator could reinforce the spatial seg-
regation of branched and nonbranched actin filament networks
during cytokinesis.

MATERIALS AND METHODS

Caenorhabditis elegans strains

Strains used in this study are listed in Supplemental Table S1 and
were maintained on nematode growth medium (NGM) plates
seeded with OP50 Escherichia coli. GCP374 strain was grown at
16°C; all other strains were grown at 20°C.

RNA interference

RNAi was performed either by feeding worms with HT115 E. coli
bacteria that expressed the dsRNA of interest or by directly in-
jecting worms with the dsRNA of interest. For production of
dsRNA for worm injection against arx-2_RNA#1 or cyk-1_RNA#1
or par-6, oligonucleotides containing T7 or T3 promoter se-
quences (Supplemental Table S2) were used to amplify the cor-
responding regions from N2 cDNA and the PCR product was
used as template for T3 or T7 transcription reactions (MEGAscript
Transcription Kit; ThermoFischer Scientific). Transcription reac-
tions were cleaned up (NucleoSpin RNA Clean-up, Macherey-
Nagel) and diluted with 3x soaking buffer (32.7 mM NayHPOy,
16.5 mM KH,POy, 6.3 mM NaCl, and 14.1 mM NH,4CI). For feed-
ing RNAI of arx-2_RNA#2, cyk-1_RNA#2 or perm-1 (Supplemen-
tal Table S2), corresponding L4440 vectors were obtained from
the Ahringer library (Source Bioscience) and sequenced to con-
firm gene target. Feeding RNAI plates were prepared as previ-
ously reported (Silva et al., 2016).

Partial and penetrant depletions of ARX-2 were performed by
injecting L4 worms and incubating them for 32-36 h (Figure 3B)
and 45-48 h (Figures 1B, 3, A-C, 4, A and B, and 5 and Supple-
mental Figures S1C, S2, S3, and S4) at 20°C, respectively. Partial
depletion of CYK-1 was performed by injecting cyk-1_RNAIi#1 in L4
worms for 22-42 h (Figure 2B’) and for 32-37 h (Figure 2, C-G,
Supplemental Figure S1C) at 16°C. For penetrant codepletion of
ARX-2 and CYK-1 in Figure 1A, a mix of arx-2_RNAi#1 and cyk-1_
RNAi#1 (0.5 pg/ul final concentration each) was injected in L4
worms and worms were incubated for 48 h at 20°C. To achieve the
combination of penetrant ARX-2 depletion with mild CYK-1 deple-
tion (Figure 6, A-C), L4 worms were subject to feeding RNAi with a
mix of bacteria expressing arx-2_RNAi#2 and empty vector L4440
(mixing ratio 1:1) for 26-28 h at 20°C. Worms were then washed
with M9 medium (86 mM NaCl, 42 mM NayHPOy, 22 mM KH,POy,
and 1 mM MgSQOy), transferred to fresh NGM plates with a mix of
bacteria expressing arx-2_RNAi#2 and cyk-1_RNAi#2 (ratio 1:1),
and further incubated at 20°C for 20-22 h. For mild CYK-1 deple-
tion alone, L4 worms were subject to feeding RNAI with bacteria
expressing empty vector L4440 for 26-28 h at 20°C, transferred to
a plate with a mix of bacteria expressing cyk-1_RNAi#2 and empty
vector L4440 (ratio 1:1) and further incubated at 20°C for 20-22 h.
We note that the level of CYK-1 depletion accomplished with this
condition is milder than that obtained after injecting L4s with
cyk-T_RNAIi#1 for 22-32 h in Figure 2B’. For penetrant depletion of
PAR-6, L4 worms were injected with dsRNA against par-6 and incu-
bated for 52 h at 20°C (Supplemental Figure S4). To combine pen-
etrant depletion of PAR-6 with mild depletion of CYK-1 (Supple-
mental Figure S4D), L4 worms were injected and incubated for
30-32 h at 20°C. Worms were then washed with M9 medium and
transferred to fresh NGM plates with a mix of bacteria expressing
cyk-1_RNAi#2 and empty vector L4440 (ratio 1:1) and further incu-
bated at 20°C for 20-22 h.
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Rapid temperature shifting during imaging

Rapid temperature shifts were performed using the CherryTemp
fast heater-cooler system for microscopy (Cherry Biotech) that is
coupled to a spinning-disk confocal system. This system was
used to rapidly shift the temperature during live imaging of
one-cell embryos expressing cyk-1(or596) temperature-sensitive
mutant, myosin®NM¥-2::GFP and mCherry::H2B (strain GCP374). In
Figure 2I, temperature was shifted from 16°C (permissive tem-
perature) to 26°C (restrictive) during the first half of ring constric-
tion (ring diameter larger than 15 pm in one-cell embryos) or sec-
ond half of ring constriction (ring diameter lower than 15 pm in
one-cell embryos). Controls were wild-type embryos, expressing
myosin"M¥2::GFP and mCherry::H2B (strain GCP113) and subject
to the same temperature conditions.

Drug treatments

Acute drug treatments were performed in permeabilized C. elegans
embryos. To obtain permeabilized embryos, perm-1 RNAi condi-
tions were optimized as suggested by Carvalho et al. (2011). In brief,
25-30 L4 worms were placed on a plate containing 0.005 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG) and HT115 E. coli
bacteria expressing RNA against perm-1 were left at 20°C for 14-18
h. Worms were dissected and embryos filmed in meiosis medium
(25 mM HEPES, pH 7.4, 5 mg/ml insulin, 20% heat-inactivated fetal
bovine serum, and 60% Leibowitz-15 medium); 100 uM CK-666
(Sigma) was added at metaphase. At the end of each video, me-
dium containing 33 pM FM4-64 (Molecular Probes) was added to
the chamber to confirm that the imaged embryo was permeable.

Live imaging

Gravid hermaphrodites were dissected and one-cell C. elegans em-
bryos were mounted on 2% agarose pads in a drop of M9 medium.
Live imaging of embryos undergoing cytokinesis was performed at
20°C. Images were acquired on a spinning disk confocal system (An-
dor Revolution XD Confocal System; Andor Technology) with a con-
focal scanner unit (CSU-22; Yokogawa) mounted on an inverted mi-
croscope (Ti-E, Nikon) equipped with a 60x 1.42 oil-immersion
Plan-Apochromat objective and solid-state lasers of 488 nm (250
mW) and 561 nm (250 mW). For image acquisition an electron mul-
tiplication back-thinned charge-coupled device camera (iXon; Andor
Technology) was used. Acquisition parameters, shutters, and focus
were controlled by Andor iQ3 software. For imaging of the center of
one-cell embryos, 6 x 1-um z-stacks and 2 x 1-pm z-stacks were col-
lected in the 488- and 561-nm channels, respectively, every 10's. For
cortical imaging in one-cell embryos, 7 x 0.5-um z-stacks were col-
lected in the 488-nm channel every 5 s. These videos also included
the acquisition of one central section of the embryo in the 488- or
561-nm channels. To monitor ring constriction in dividing cells of
four- and eight-cell embryos (Supplemental Figure 1C), 11 x 1.0-um
z-stacks were collected in the 488-nm channel every 10's. In all cases,
except for imaging of ARX-2::GFP, exposure times were 100 ms for
488nm and 561-nm channels. Exposure time used to image em-
bryos expressing ARX-2::GFP (Figure 3, D and D) was 300 ms.

Cytokinesis kinetics

Measurements of time of ring assembly and furrow initiation, as well
as overall ring constriction rate were performed in dividing one-cell
embryos of the strain GCP9 (Figures 2B’, 3B, and 6B and Supplemen-
tal Figure 4, A and D). Time of ring assembly was the time interval
between anaphase onset and the establishment of a shallow defor-
mation in the equatorial region. Furrow initiation corresponded to the
time interval between the establishment of the shallow deformation

Volume 30 January 1, 2019

and the time when the plasma membranes of the nascent daughter
cells became juxtaposed to one another. During ring constriction, the
distance between the two sides of the ring on the z-plane where this
was the widest was measured for each time point and plotted against
time. The timing of anaphase onset, equatorial shallow deformation,
back-to-back membrane configuration, and the distance over time
between both sides of the ingressing furrow were determined in the
central plane of the embryo. Ring constriction rate was the slope of
the linear region between ~60 and 30% ingression. To determine ini-
tial ring perimeter and ring constriction rate in one-, four- and eight-
cell embryos, we proceeded as described in Carvalho et al. (2009)
(Supplemental Figure 1C). Analysis in the one-cell embryo was done
as above, and ring perimeter was calculated from ring diameter
(perimeter = diameter*n). In four- and eight-cell embryos, the perim-
eter of rings that constricted parallel to the imaging plane was mea-
sured over time. In these cases, ring perimeter was determined by
manually tracing the ring outline in maximum intensity projections of
z-stacks using the segmented line tool in Fiji. For all divisions, the
mean initial cell perimeter was the perimeter around the cell equator
immediately prior to the onset of detectable constriction.

Ring closure asymmetry

Asymmetry of ring closure was assessed by dividing the length of
the longer side of the furrow by the diameter of the embryo just af-
ter completion of ring constriction (Figures 2D and 3C).

Fluorescence intensity measurements

To quantify the levels of Lifeact::GFP, formin©"“':GFP, my-
osinWM¥-2::GFP, GFP::anillin®N1, and  GFP:AHPHANFAHPH ot the
tip of the cytokinetic furrow in one-cell embryos, the mean fluores-
cence intensity in a 7-pixel-wide, 21-pixel-long (1.3 x 3.7 um) box
drawn over the tip of the furrow at 50% ingression was measured
and the mean cytoplasm signal on the anterior side of the
embryo was subtracted (Figures 2G’, 5, B and F, and 6C and
Supplemental Figure 3C). To quantify the levels of Lifeact::GFP,
formin®<1::GFP, myosinN\M¥*2::GFP, GFP::anillinANH1, ARP2ARX-2::GFP,
and GFP:AHPHANHARPH 5t the cortical equatorial band in one-cell
embryos, the mean fluorescence intensity within a 41-pixel-wide,
156-pixel-long (5.7 x 21.6 um) box drawn over the cell equator
(50-60% embryo length) was measured in maximum z-projections,
and the mean cytoplasm signal on the anterior side of the embryo
was subtracted (Figures 2F, 3D’, 5, A" and E, and Supple-
mental Figure 3B). The mean fluorescence intensities at the fur-
row tip and cortex were normalized to those of controls. For quanti-
fication of cortical and cytoplasm LifeAct::GFP, formin®%'::GFP,
myosinNM¥2::GFP, GFP::anillinAN-1, GFP::AHPHANF-ARPH GFP::PAR-2,
and mCherry::PAR-6 along the embryo length in Figures 4B and 5D
and Supplemental Figure S3A, a 90-pixel-wide line (approximately
half the embryo width) was drawn and divided into 20 equal length
segments from anterior (0%) to posterior (100%) in maximum z-
projections at 50 s after anaphase onset. Mean fluorescence intensity
was determined for each of the segments after cytoplasmic back-
ground subtraction. The values for each data set were normalized to
the maximum intensity of controls.

Image analysis and statistics

All measurements and image processing were done using Fiji (Im-
ageJ; National Institutes of Health) (Schindelin et al., 2012). Z-stacks
were projected using the maximum intensity projection tool (Figures
1, 2H, 3D, 4, A and B, and 5C and Supplemental Figures S1, A’, B,
and C, S2, S3D, and S4, A and C). Images within each panel were
scaled equally. The equatorial region of the central plane was
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selected to create the kymographs shown in Figures 2C, 3A, and 6A
and Supplemental S1A using the Make Montage tool. Graph
plotting, linear regressions, and statistical analyses were performed
with Prism 7.0 (GraphPad Software). All error bars represent the 95%
confidence interval (Cl) of the mean.
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