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Anillin forms linear structures and facilitates furrow
ingression after septin and formin depletion
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An anillin-dependent compensatory mechanism drives
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In brief

During cytokinesis in animal cells, an
actin-based ring constricts at the cell
equator to form the cleavage furrow.
Lebedev et al. discover a compensatory
mechanism mediated by linear anillin
structures and membrane-bound myosin
Il that drives cleavage furrow formation
and ingression in case actin ring
assembly fails.
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SUMMARY

During cytokinesis, a contractile ring consisting of unbranched filamentous actin (F-actin) and myosin Il con-
stricts at the cell equator. Unbranched F-actin is generated by formin, and without formin no cleavage furrow
forms. In Caenorhabditis elegans, depletion of septin restores furrow ingression in formin mutants. How the
cleavage furrow ingresses without a detectable unbranched F-actin ring is unknown. We report that, in this
setting, anillin (ANI-1) forms a meshwork of circumferentially aligned linear structures decorated by non-mus-
cle myosin Il (NMY-2). Analysis of ANI-1 deletion mutants reveals that its disordered N-terminal half is
required for linear structure formation and sufficient for furrow ingression. NMY-2 promotes the circumferen-
tial alignment of the linear ANI-1 structures and interacts with various lipids, suggesting that NMY-2 links the
ANI-1 network with the plasma membrane. Collectively, our data reveal a compensatory mechanism, medi-
ated by ANI-1 linear structures and membrane-bound NMY-2, that promotes furrowing when unbranched

F-actin polymerization is compromised.

INTRODUCTION

During cytokinesis, a contractile ring consisting of unbranched
filamentous actin (F-actin) and non-muscle myosin Il assembles
underneath the plasma membrane between the segregating
chromosomes. Constriction of the actin-myosin ring splits the
mother cell into two daughter cells.’™ Stimulatory and inhibitory
signals emanating from the mitotic spindle activate RhoA at the
cell equator, which in turn induces contractile ring assembly.* '
Active RhoA releases the autoinhibitory conformation of formin
with the help of the contractile ring component anillin and 1Q-
GAP1.27"® Anillin is a widely conserved protein that links the
actin-myosin ring with the plasma membrane.'> %" Active for-
min binds to the barbed end of actin filaments and induces the
polymerization of long unbranched F-actin.'® F-actin circumfer-
entially aligns around the cell equator, which is thought to facili-
tate furrow ingression.'®=>® Without formin, cleavage furrow for-
mation and cytokinesis fail.>* 2"

In addition to formin, RhoA also recruits and activates non-
muscle myosin Il (NMY-2 in Caenorhabditis elegans) via RhoA ki-
nase. The myosin motor domain interacts with unbranched
F-actin, and myosin Il is required for cytokinesis in many sys-
tems.?®=* To be active, myosin Il has to bind the phosphorylated
regulatory light chain (RLC) and essential light chain (ELC).*" In
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addition to RhoA-dependent myosin Il recruitment, a positive-
feedback mechanism between ring myosin Il and equatorial-
directed cortical flows that brings more myosin Il into the ring
dictates the amount of myosin Il in the contractile ring.**> Never-
theless, myosin Il can enrich at the cell equator independently of
its binding partner F-actin or anillin.>*** Myosin Il inhibition does
not prevent the recruitment of other ring components to the
equator but blocks ring constriction.?®*>*¢ In fission yeast,
myosin |l is targeted to the membrane by the anillin homolog
Mid1p®"*® and, together with formin and numerous other pro-
teins, they form defined protein assemblies called nodes.***
Within each node, myosin Il heads point away from the mem-
brane and grab and pull on actin filaments generated and
anchored at adjacent nodes.®*"*** This leads to the coales-
cence of nodes and eventually ring constriction.®

Another component of the contractile ring is the multidomain
protein anillin (ANI-1 in C. elegans).”*"'%"" Anillin is considered
a scaffolding component of the contractile ring that links the
actin-myosin ring with the plasma membrane. With its C termi-
nus, anillin interacts with microtubules,** with lipids and impor-
tin*® through the C2 domain, with membrane-associated active
RhoA via the RhoA-binding domain (RBD),*®*” and with septins
via the PH domain.*®*? With its N terminus, anillin binds to
myosin 11,>° F-actin,*®**>" and formins."**® Anillin localization
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to the cell equator requires RhoA activation but not myosin Il,
F-actin, septins, or formins.?”+3334:535% Consistent with its role
as a membrane-actomyosin linker, anillin depletion results in un-
stable furrows and in cytokinesis failure in fly and human
cells,®346:53:50 ANI-1 depletion in the one-cell C. elegans zygotes
does not cause cytokinesis failure but results in symmetric
furrow ingression.**®" Anillin positively feeds back on RhoA ac-
tivity*® by stabilizing active RhoA at the membrane,®* and anillin
also binds and recruits septins to the contractile ring.3%-34:48-50:52
Recent in vitro work suggests that anillin could contribute to
force generation and ring constriction independently of
myosin 11.5°

Besides F-actin and myosin Il, septins are the third filament-
forming protein of the contractile ring, and septins bind the
plasma membrane.®® Similar to anillin, septins are required for
cytokinesis in human cells®® but are not essential in C. elegans
zygotes. Whereas humans have 13 septins, C. elegans has two
septins, which are only essential for some postembryonic divi-
sions.®® Together, septin and anillin also function during the
late stages of cytokinesis.®>¢7~%°

During the initial assembly phase, ring components such as
F-actin, myosin Il, and anillin localize in a broad equatorial
band, which subsequently compacts into the contractile ring.””
Super-resolution microscopy in sea urchin embryos revealed
that myosin Il, anillin, and septin initially co-localize in puncta
reminiscent of the nodes in yeast.”" Subsequently, a dense
meshwork forms in which myosin |l filaments orient parallel to
actin filaments.?®’>"® This organization is consistent with
myosin |l mediating ring constriction by actin filament sliding in
a purse-string-like fashion. Consistently myosin Il motor activity
is required for ring constriction.”*

Although actin-based contractility appears to be the predom-
inant mechanism for furrow ingression, alternative mechanisms
were also reported sporadically. For example, the migration of
the two daughter cells away from each other supports furrow
ingression in the absence of a visible F-actin ring in human
RPE1 cells and in Dictyostelium.”>"" In Chlamydomonas, furrow
ingression does not require F-actin.”® In C. elegans, depletion of
septin in a formin (CYK-1) temperature-sensitive (ts) mutant
restored furrow ingression, although no F-actin ring was detect-
able.”® Here we investigate the mechanism of furrow ingression
after co-depletion of CYK-1 and septins in the C. elegans em-
bryo. We uncover a compensatory ANI-1-dependent mechanism
of cleavage furrow ingression when unbranched F-actin is low.

RESULTS

ANI-1 is required for furrow ingression after CYK-1 and
septin co-depletion

CYK-1isthe only C. elegans formin known to be essential for cyto-
kinesis.?*#>%%8" Surprisingly, it was found that cyk-7ts mutant
embryos, which have strongly reduced unbranched F-actin levels,
still ingress a cleavage furrow when septins are depleted (Fig-
ure 1A).”8" We confirmed this observation as CYK-1 depletion
by RNAi prevented cleavage furrow formation but septinV™N®-®"
co-depletion facilitated cleavage furrow ingression in all embryos
(Figures 1B and 1C; Video S1). In five out of 10 cyk-1(RNAIJ);
septin“"%"(RNAJ) embryos, the furrow remained closed until the

2 Cell Reports 42, 113076, September 26, 2023

Cell Reports

onset of the second cell division. In the remaining embryos, the
furrow eventually regressed around 800 s after nuclear envelope
breakdown (NEBD) (Figures 1B and 1C). C. elegans has two sep-
tins (UNC-61 and UNC-59), which depend on each other for mem-
brane localization®®; therefore, depletion of one is expected to
disrupt the function of the complex. Consistently, we observed
that GFP-tagged septin”N®5° did not localize to the cortex after
septin“"®1(RNAI) or cyk-1(RNAI);septin“"®"(RNAI) (Figures S1A
and S1B). Although the cortical accumulation of septinVNc-5°
was strongly diminished after septin®N®®" depletion, we tested
whether the furrow still ingressed in cyk-1(RNAi) embryos after
the co-depletion of both septins. In septin”N°® and septinNC-6'
co-depleted embryos treated with cyk-71(RNAJ), the cleavage
furrow fully ingressed in 88% of the cases, which demonstrates
that furrowing can occur after co-depletion of both C. elegans
septins (Figure S1C). Immunoblot analysis of adult worms re-
vealed that septin“"**(RNAi) and cyk-1(RNAI) strongly reduced
endogenously tagged septin™°%° and CYK-1 protein levels,
respectively (Figure S1D).

Septin depletion rescued furrow ingression after cyk-1(RNAI)
and therefore we determined whether cortical CYK-1 levels
were altered. Equatorial CYK-1 levels were slightly increased
after septinVNC" depletion (Figure S1E), but, importantly, no
equatorial enrichment of CYK-1 was observed after cyk-
1(RNAIJ) or cyk-1(RNAI);septin“"°"(RNAI) (Figure S1F). Similarly,
equatorial F-actin no longer accumulated at the cell equator
after single or double cyk-71(RNAi) treatments, confirming
previous observations”®®'"%% (Figure S1F). This suggests that
septinNS8! depletion does not rescue furrow ingression in
cyk-1(RNAi) embryos by elevating either equatorial CYK-1 or
F-actin levels.

In addition to formin-nucleated F-actin, the cortex contains
Arp2/3 nucleated branched F-actin.®® Thus, we tested whether
the remaining Arp2/3-generated F-actin contributes to furrowing
in CYK-1 and septin co-depleted embryos by additional
depletion of the Arp2 homolog ARX-2. All cyk-1(RNAJ);
septin“"%" (RNAI);arx-2(RNAi) embryos fully ingressed a cleav-
age furrow (Figures S2A and S2B), suggesting that Arp2/3-
generated F-actin is not essential for furrowing in this condition.

To address the mechanism how CYK-1 and septin co-depleted
embryos ingress a cleavage furrow, we determined whether
ANI-1 is required for furrow ingression. Although ANI-1 depletion
alone does not cause cytokinesis failure,>* ANI-1 depletion
together with CYK-1 and septinVN®6" prevented furrow ingres-
sion (Figures 1B and 1C). Similar to septin’™®" depletion, ani-
1(RNAJ) resulted in a increase in equatorial CYK-1 levels (Fig-
ure S1E), but, in contrast, it did not rescue furrow ingression after
cyk-1(RNAI) (Figure S2C). Immunoblot analysis of ANI-1 protein
levels showed that ANI-1 levels were strongly reduced (Fig-
ure S2D). Further, imaging endogenously NeonGreen-tagged
ANI-1 (NG::ANI-1) confirmed that ANI-1 depletion was highly effi-
cient in all RNAi conditions (Figure S2E). Together, ANI-1 pro-
motes furrow ingression in case CYK-1 and septin levels are low.

ANI-1 localizes to septin-independent linear structures,
especially after the depletion of the formin CYK-1

Since ANI-1 was required for furrow ingression, we analyzed
ANI-1 localization on the cortex during contractile ring assembly.
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Figure 1. Furrow ingression of cyk-1(RNAi);septin“"*"%"(RNAi) embryos requires ANI-1

(A) During cytokinesis, CYK-1 polymerizes the unbranched F-actin of the contractile ring. In cyk-17ts mutants, no contractile ring forms and cytokinesis fails, but,
surprisingly, furrow ingression was restored by depleting septin.”®

(B) Central plane images of embryos expressing a membrane and DNA marker, treated with the indicated RNAi conditions. Time is indicated in seconds (s) after
NEBD. Scale bar, 5 pm.

(C) The contractile ring diameter is plotted over time for individual embryos for indicated RNAi conditions. Green and red encircled stars indicate whether embryos
succeed or fail cytokinesis, respectively. n = number of embryos.
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In control anaphase embryos, ANI-1 was enriched in cortical
patches as previously published’® but also localized in linear
structures, which sometimes radiate out of cortical patches (Fig-
ure 2A; Video S2). Comparison of the localization of ANI-1 with
myosin Il (NMY-2::mKate) revealed that NMY-2 was also present
in these cortical patches®* and occasionally decorated the linear
ANI-1 structures. In CYK-1-depleted embryos, cortical ANI-1
patches were absent and numerous linear structures, decorated
with NMY-2, formed (Figure 2A; Video S2). Quantification re-
vealed that linear ANI-1 structures were occasionally observed
in control embryos and after cyk-1(RNAI) their number increased
(Figures 2B and S3A). In cyk-1(RNAI) linear ANI-1 structures had
alength of ~2-9 pm and width of ~0.5 um. To determine whether
the overall ANI-1 distribution was altered, ANI-1 fluorescence in-
tensity was measured along the cell cortex. ANI-1 was still en-
riched in an equatorial zone after cyk-1(RNAJ) and cyk-1(RNAI);
septin“"°"(RNAi) and its cortical levels were decreased in the
latter (Figures 2A and S3B). Reduction of cortical ANI-1 levels
is consistent with the fact that septins bind and contribute to anil-
lin recruitment in other organisms.*®*%:#58 | inear ANI-1 struc-
tures were still detected in cyk-1(RNAi) embryos co-depleted
of septin™N®%" alone or septin™N©5° and septinVN" together
(Figures 2A, 2B, and S3C). Measurement of the orientation of
ANI-1 revealed that ANI-1 circumferentially aligns around the
cell equator similar to F-actin in control embryos (Figure 2C).
Reduction of unbranched F-actin alone or together with septi-
nUNC-61 or with septinVNC-%° and septin®N°®! did not alter align-
ment of ANI-1 (Figure 2C).

Since ANI-1 appeared to form those linear structures, we
determined whether septin also localized to linear structures af-
ter cyk-1(RNAIJ). Indeed, we observed that, after cyk-1(RNAI),
septin?N5° was also present in linear structures and its cortical
intensity levels were increased (Figures S3D-S3F). In contrast to
the linear ANI-1 structures, which could still be observed after
septin“"T(RNAI), septinVNC%° was no longer enriched at the
cell equator after ani-1(RNAJ) (Figures S4D and S4E>%). This
shows that septinVN°®° fully depends on the presence of
ANI-1 for equatorial enrichment, but, in contrast, a pool of
ANI-1 localizes independently of septins to the cortex.

Since reduction of CYK-1-nucleated unbranched F-actin
altered ANI-1 localization, we analyzed whether Arp2/3-nucle-
ated branched F-actin also has an influence on ANI-1. Consis-
tent with previous reports, we observed a reduction of F-actin
foci, a delay in furrow formation, and ANI-1 accumulation after
arx-2(RNAJ) (Figures S4A-S4C).°%8%%7  However, ARX-2
depletion did not affect ANI-1 localization to linear structures
in control or cyk-1(RNAi) embryos (Figures S4B and S4D;
Video S3).
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In summary, CYK-1-nucleated unbranched F-actin limits the
formation of linear ANI-1 structures. Septin co-depletion did
not affect the formation of linear ANI-1 structures, although effi-
cient ANI-1 targeting to the cell equator required septin function.

NMY-2 is required for the orientation of the linear ANI-1
structures and furrow ingression in embryos depleted of
CYK-1 and septin

We found that ANI-1 forms linear structures decorated by NMY-2
and supports furrow ingression in cyk-1(RNAi);septin“"6" (RNAI)
embryos. To test whether NMY-2 is required for the formation or
alignment of the linear ANI-1 structures, we depleted NMY-2
together with CYK-1 or CYK-1 and septin”N°®'. Immunoblot
analysis and quantification of cortical NMY-2 fluorescence inten-
sity confirmed that nmy-2(RNAI) strongly reduced NMY-2 protein
levels in all RNAi conditions (Figures S5A-S5C). Depletion of
NMY-2 alone or in combination with CYK-1 or CYK-1 and
septin’N°®' did not prevent linear ANI-1 structure formation,
although they were no longer circumferentially aligned around
the cell equator (Figures 3A-3C; Video S4). This suggests that
NMY-2 aligns linear ANI-1 structures, perhaps by directly bind-
ing to the ANI-1 N terminus. In normal cytokinesis, myosin I
binds and aligns F-actin and mediates furrow ingression,”* so
we asked whether NMY-2 still mediates furrow ingression in
cyk-1(RNAI);septin“"°%"(RNAi) embryos. NMY-2 co-depletion
abolished furrow ingression in cyk-1(RNAI);septin“"*®"(RNAI)
embryos (Figures 3D and S5D), although ANI-1 was still enriched
at the cell equator (Figures 3A and S5E). In conclusion, NMY-2 is
absolutely required to mediate furrow ingression after the reduc-
tion of CYK-1 and septins. Further, NMY-2 is involved in aligning
the linear ANI-1 structures circumferentially but is not essential
for their formation.

ANI-1 and NMY-2 form membrane-localized structures
in the absence of F-actin independently of the ANI-1 N
terminus

After depolymerization of F-actin in Drosophila cells, anillin and
the RLC of myosin Il enrich in circular foci that evolve into linear
structures, and these structures also form independently of each
other.®3495259 |n the C. elegans zygote, NMY-2 also forms circu-
lar foci after Latrunculin A addition.®®*° However, whether ANI-1
is also present in those circular NMY-2 foci and whether linear
structures still form after F-actin depolymerization have not
been investigated in C. elegans. To study this, we treated em-
bryos with Latrunculin A, which caused a rapid disappearance
of F-actin from the cortex and the appearance of dynamic
NMY-2 and ANI-1 structures (Figures S6A-S6E; Video S5). After
loss of cortical F-actin, NMY-2 and ANI-1 co-localized in

Figure 2. ANI-1 forms linear structures decorated by NMY-2 foci when CYK-1-nucleated F-actin levels are low
(A) Cortical confocal images of NG::ANI-1 (cyan) and NMY-2::mKate (magenta) for indicated RNAi conditions and time points after NEBD. Magnifications of the

equatorial region are shown. Since NG::ANI-1 levels are reduced after septin
and linear (red) structures are highlighted by arrowheads. Scale bars, 5 um.

UNC-61

co-depletion (Figure S3B), intensity scaling was increased. Non-linear (blue)

(B) The mean number of linear and non-linear NG::ANI-1 structures at an equatorial region (Figure S3A) for indicated RNAi conditions. The p values were
calculated using Mann-Whitney U or Student’s t test: *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison to control embryos treated without RNAi.

(C) Mean percentage of 0°-20° (anterior to posterior) and 68°-88° (circumferential) directionality measured for NG::ANI-1 and LifeAct::RFP at 180 s after NEBD for
indicated RNAi conditions. The p values were determined with Student’s t test: **p < 0.01, ***p < 0.001.

All error bars indicate SEM, and dots represent data points of individual embryos.
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Figure 3. NMY-2 is not required for the formation of the linear ANI-1 structures but for their circumferential alignment

(A) Cortical confocal images of NG::ANI-1 for indicated RNAi conditions and time points after NEBD. Magnifications of the equator are shown (right). Since
NG::ANI-1 levels are reduced afterseptin“"®'(RNAJ), intensity scaling was increased. Linear structures are highlighted by red arrowheads. Scale bars, 5 um.
(B) Mean number of NG::ANI-1 structures at the equator for indicated RNAi conditions. The p values were calculated using Mann-Whitney-U or Student’s t test:
**p < 0.01, ™p < 0.001 in comparison to control embryos; dots represent data points of individual embryos. Control and cyk-1(RNAi) conditions are reproduced
from Figure 2B.

(legend continued on next page)
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numerous non-linear structures that became linear at later time
points (Figures 4A and 4B). Measurement of fluorescence inten-
sities revealed that, upon F-actin depolymerization, NMY-2 and
ANI-1 accumulated in an equatorial zone similar to control em-
bryos, although NMY-2 fluorescence was increased at 255 s
(Figure S6F). To test whether the linear structures are septin
dependent, we repeated Latrunculin A treatment after septi-
nUNC-81 depletion. In Latrunculin A-treated septin“™%"(RNAJ)
embryos, linear ANI-1 structures were still present; however,
they were less frequent and defined than those in Latrunculin
A-only-treated embryos (Figures S7A and S7B; Video S6).
Finally, we tested whether septin“"°®"(RNAi) restores furrow
ingression in Latrunculin A-treated embryos like it does in cyk-
1(RNAi) embryos. No cleavage furrow formed in Latrunculin
A-treated control or septin“"*%"(RNAi) embryos (Figure S7C).
This suggests, although F-actin does not enrich at the cell equa-
tor in cyk-1(RNAI);septin“"°%"(RNAi) embryos, some residual
F-actin contributes to furrow ingression in those embryos.

Vertebrate anillin binds myosin Il with its N terminus®® and the
co-localization of anillin and myosin Il requires the anillin N termi-
nus in Drosophila cells.®’ Since NMY-2 and ANI-1 structures co-
localize after Latrunculin A treatment and NMY-2 is expected to
interact with the ANI-1 N terminus, we analyzed whether ANI-1
and NMY-2 still form structures that co-localize when the N ter-
minus of ANI-1 is absent. We used an ANI-1 fragment that com-
prises the RBD, C2, and PH domain (A1-680, ANI-1A"-PH-9%) and
depleted endogenous ANI-1 by RNAI to prevent NMY-2 binding
via full-length endogenous ANI-1. After Latrunculin A addition,
NMY-2 and ANI-1A"PH both formed circular structures, but
these did not co-localize and did not become linear over time
(Figures 4C and 4D; Video S7). This shows that the N terminus
of ANI-1 is required for the formation of linear but not non-linear
structures and is essential for the co-localization with NMY-2
structures.

Since NMY-2 formed membrane-localized structures inde-
pendently of its binding partner F-actin and of the ANI-1 N termi-
nus, we hypothesized that NMY-2 could bind the membrane
directly. To test this, we purified NMY-2 in a complex with the
myosin ELC (MLC-4) and the myosin RLC (MLC-5). We found
that the NMY-2/MLC-4/MLC-5 complex, but not MLC-4 alone,
bound to several lipids known to be enriched in the plasma mem-
brane (Figures 4E and 4F).

In summary, in the absence of F-actin, ANI-1 and NMY-2 co-
localize to non-linear and linear structures and linear structure
formation requires the ANI-1 N terminus and is facilitated by
septinNS®'. The co-localization but not the formation of the
ANI-1 and NMY-2 non-linear structures requires the ANI-1 Nter-
minus, suggesting that the binding of NMY-2 to the ANI-1 N ter-
minus pulls those structures together. The NMY-2/MLC-4/
MLC-5 complex bound to several membrane lipids, suggesting
that this complex likely represents an independent membrane
anchor.

¢ CellP’ress

The linker region of ANI-1 facilitates linear structure
formation

ANI-1 contains multiple distinct domains: an actin-binding
domain (ABD)*>® and a predicted myosin Il-binding domain
(MBD)** at the N terminus, and an RBD, a C2 membrane-binding
domain, and a PH domain at the C terminus®’ (Figure S8A).
Sequence analysis predicts that the ANI-1 N terminus contains
numerous intrinsically disordered regions (IDRs) similar to hu-
man anillin (Figures S8A and S8B) and yeast Mid1p.*?

To analyze which region of ANI-1 is required for linear structure
formation, we generated ani-1 RNAi-resistant transgenes in
which the MBD (A48-160), the ABD (A236-460), the MBD and
ABD (A48-460), and the entire N-terminal half (ANI-1S-tem™
A48-680) were deleted (Figures 5 and S8C-S8F). As a control
we generated wild-type ANI-1 transgene (ANI-1"T), which
rescued embryonic lethality after ani- 1(RNAI) and localized to cir-
cumferentially aligned linear structures after CYK-1 depletion,
together suggesting that it is functional (Figures 5A-5C, S8F,
and S9A; Video S8).

All ANI-1 transgenes were found to express at similar levels as
ANI-1YT (Figure S8E), and the MBD (A48-160), the ABD (A236-
460), and the MBD and ABD (A48-460) deletion variants fully
rescued embryonic lethality in the absence of endogenous
ANI-1. The ANI-1¢*™ rescued lethality only partially after ani-
1(RNAi) (Figure S8F). After ani-1(RNAJ) or cyk-1(RNAi)ani-
1(RNAI), the A48-160, A236-460, and A48-460 ANI-1 mutants
enriched at the cell equator and formed linear structures that cir-
cumferentially aligned comparably to those of ANI-1WT
(Figures 5A-5D and S9A-S9C; Videos S8, and S9). Furthermore,
the ANI-1 A48-460 still formed some linear structures in the
presence of Latrunculin A (Figures S9D and S9E; Video S10). Af-
ter co-depletion of CYK-1 and septin®N®®", the cortical levels of
ANI-1 A48-460 were strongly reduced and only pulsatile accu-
mulation was visible, but the levels of ANI-1 A48-160 and
ANI-1 A236-460 were comparable to those of ANI-1WT
(Figures 5D; Video S9). In those embryos, ANI-1 A48-160 and
ANI-1 A236-460 still formed linear structures that aligned cir-
cumferentially around the cell equator (Figures 5C and S9A-
S9C; Video S9).

Since the MBD and ABD were not required for linear structure
formation in cyk-1(RNAIJ), we analyzed the ANI-1¢*™, which lacks
the MBD, ABD, and the linker region. The ANI-1%**™ formed very
few linear but numerous non-linear structures after ani-1(RNAI).
After cyk-1(RNAjani-1(RNA), the few ANI-1°°™ inear structures
were completely absent and instead numerous non-linear struc-
tures that did not circumferentially align were present (Figures
5C, 5E, and S9A; Video S8). This demonstrates that the presence
of the linker region is required for linear structure formation. Co-
depletion of CYK-1 and septinN®®" resulted in a strong reduction
of cortical ANI-1€%™ |evels in comparison to ANI-1WT levels,
but transient pulsatile accumulation of ANI-1°*™ was still obs-
erved (Figures 5B and 5E; Video S8). The absence of non-linear

(C) Mean percentage of directionality for NG::ANI-1 for indicated RNAi conditions. The p values were determined with Student’s t test: **p < 0.001; n.s., p > 0.05.

Control condition is reproduced from Figure 2C.

(D) Plotted is the contractile ring diameter over time for indicated RNAi conditions. Green and red encircled stars indicate whether embryos succeed or fail

unc-61

cytokinesis, respectively. Control and cyk-1(RNAI);septin
All error bars indicate SEM.

(RNAI) conditions are reproduced from Figure 1C; n = number of embryos.
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Figure 4. NMY-2 forms membrane-localized structures independently of F-actin and the ANI-1 N terminus and interacts with lipids in vitro
(A) Maximum intensity projections of 10 cortical z planes of embryos treated with Latrunculin A (+LatA) expressing NG::ANI-1 (cyan) and NMY-2::mKate
(magenta). A magnification of the equator is shown (right).

(B) Mean number of NMY-2::mKate and NG::ANI-1 structures at the cell equator after Latrunculin A treatment. The p values were calculated using Mann-Whitney-
U or Student’s t test: “p < 0.05, **p < 0.001 in comparison to 180 s; dots represent data points of individual embryos.

(C) Maximum intensity projections of 10 cortical z planes of embryos expressing ANI-14H-PH 0 (cyan) and NMY-2::mKate (magenta) treated with Latrunculin A and
ani-1(RNAI). A magnification of the equator is shown.

(D) Mean number of NMY-2::mKate and ANI-14""" structures at the equator after ani-1(RNAj) and Latrunculin A treatment.

(E) Coomassie-stained gel of Strep-tagged MLC-4 alone or in complex with 6xHis-tagged NMY-2 and Strep-tagged MLC-5.

(F) Purified MLC-4 alone or in complex with 6xHis-tagged NMY-2 and Strep-tagged MLC-5 were incubated with lipid arrays and blotted with anti-Strep or anti-
6xHis antibodies (left). Schematics of the lipid array: LPA, lysophosphatidic acid; LPC, lysophosphatidylcholines; Ptdins, phosphatidylinositol; PE, phosphati-
dylethanolamine; PC, phosphatidylcholines; S1P sphingosine-1-phosphate; PA, phosphatidic acid; PS, phosphatidylserine (right).

Non-linear (blue) and linear (red) structures are highlighted by arrowheads. All error bars indicate SEM; scale bars, 5 um; time (s) is displayed after NEBD.
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ANI-1S%®™  structures after co-depletion of CYK-1 and
septinNS-6" suggests that their formation requires septin binding.

Finally, we asked whether deletion of the linker region from the
full-length ANI-1 protein also abolished linear structure formation
(Figure S8C). ANI-12HKer was expressed similar to ANI-1YT and
partially rescued embryonic lethality after ani-1(RNAI) (Figures
S8E and S8F). Cortical equatorial levels of ANI-12HMe" were
reduced in comparison to the levels of ANI-1WT after ani-
1(RNAi) and almost no linear structures formed (Figures 5B,
5C, and 5F; Video S11), consistent with the observation that
the absence of the linker in ANI-1°*™ apolished linear structure
formation. Depletion of CYK-1 or CYK-1 and septinVNC-6" in
the ANI-125"®" strain caused a further reduction in cortical
ANI-14Lnker |eyels, although pulsed accumulation was still visible
(Figure 5F; Video S11). This contrasts with the ANI-1°*™ which
formed septin-dependent non-linear structures after cyk-
1(RNAI) (Figures 5C, 5E, and 5F).

Together, the ANI-1 deletion analysis reveals that neither the
predicted MBD nor the ABD are required for linear structure for-
mation and that the linker region facilitates their formation.

The membrane-targeted ANI-1"**™ is sufficient for
linear structure formation

Since we observed that C-terminal ANI-1 half (ANI-1°™) is not
sufficient for linear structure formation, we tested whether the
N-terminal half is. The ANI-1N-*™, which comprises the putative
MBD, the ABD, and the linker region, expressed well, partially
rescued embryonic lethality, and weakly enriched at the cell
equator after ani-1(RNAIJ) (Figures 6A-6C, S8C, S8E, and S8F).
The ANI-1N®™ formed some linear structures after depleting
endogenous ANI-1; however, after CYK-1 or CYK-1 and
septin®N1 depletion, the cortical levels of ANI-1N*™ were
strongly diminished (Figures 6B-6D; Video S12) and therefore
the structure analysis was not possible. To overcome this limita-
tion, we targeted ANI-1N*™ to the plasma membrane by fusing
it with a membrane-targeting region (ANI-1N-™M-CX: Figure S8C).
ANI-1Ntem-CX \was expressed similar to ANI-1WT and rescued
embryonic lethality more efficiently than the non-membrane-tar-
geted ANI-1N®™ (Figures S8E and S8F). The AN|-1N-tem-CX
fragment was enriched at the anterior cortex (Figures 6C and
BE; Video S13) and, therefore, we analyzed ANI-1NeM-CX siryc-
tures not only at the equatorial but also at the anterior cortex. The
ANI-1Ne™M-CX formed linear structures in all RNAi conditions at
the anterior cortex and some, but less, at the cell equator
(Figures 6D and 6E). To determine whether full actin depolymer-
ization prevents linear structure formation, ANI-1Nte™M-CX_gx_
pressing embryos were treated with Latrunculin A. Some linear
ANI-1Ntem-CX gtryctures were still observed at late time points,

Cell Reports

although they were less defined than the ones formed by
ANI-1YT (Figures S9D and S9E; Video S10).

Since the N terminus permitted and its deletion abolished
linear structure formation, we split the membrane-targeted N ter-
minus into two fragments comprising the linker (ANI-15"<eCX) o
the MBD-ABD (ANI-1MABD-CX. Eigire S8C). ANI-1Hmker-CX gng
ANI-1M-ABD-CX \yare expressed comparable to ANI-1YT; how-
ever, embryonic lethality caused by depleting endogenous
ANI-1 was only marginally rescued by ANI-1-"~CX and not by
ANI-1M-ABD-CX (Eiq res SBE and S8F). The ANI-1M#ABD-CX fraq.
ment formed almost no linear structures and the ANI-1tnker-CX
fragment made some linear structures, although they were less
frequent than observed for the ANI-1N*™-CX (Figures 6D, 6F,
and S9F; Video S14).

Together, the membrane-targeted ANI-1 N terminus is suffi-
cient for linear structure formation and its linker region and the
M-ABD region are both necessary to form them efficiently.

The ANI-1N-™-CX hartially rescues furrow ingression in
cyk-1(RNAi);septin“"°-°? (RNAi) embryos

To investigate whether the different ANI-1 mutants support
furrow ingression, we filmed embryos in the central plane. As
expected, depletion of CYK-1 in ANI-1"T-expressing embryos
prevented furrow ingression and co-depletion of CYK-1 and
septin®N®" resulted in complete furrow ingression (Figures 7
and S10A). ANI-1 A48-160 and ANI-1 A236-460 rescued cleav-
age furrow ingression similar to ANI-1"T (Figure 7), consistent
with the fact that they formed linear structures. ANI-1 A48-460,
ANI-1C7te™ ANI-1N1e™ and ANI-12H7KeT did not rescue furrow
ingression, but, as they localized only weakly to the cortex, no
rescue was expected (Figure S10). Similarly, the membrane-teth-
ered ANI-14nker-CX o AN|-1M-ABD-CX i not rescue furrow ingres-
sion, consistent with the observation that only a few or almost no
linear structures were present, respectively (Figure S10B). Impor-
tantly, five out of eight embryos expressing ANI-1N-™ X fy|ly in-
gressed a cleavage furrow and, in two of those embryos, the
cleavage furrow remained closed until the onset of the second
cell division (Figure 7). This demonstrates that the N terminus of
ANI-1, even though not being able to fully enrich at the cell equa-
tor, is able to partially rescue the cytokinesis failure in cyk-1(RNAI)
ani-1(RNAI);septin“"° %" (RNAJ) embryos.

DISCUSSION

In animal cells, the contractile ring consists of formin-nucleated
unbranched F-actin, which circumferentially aligns around the
cell equator. Myosin-dependent constriction of the contractile
ring mediates cleavage furrow ingression.®® Here we discover

Figure 5. The ANI-1 linker region facilitates linear structure formation

(A, D, E, and F) Representation of ANI-1 transgenes and confocal cortical images of GFP-tagged ANI-1 variants for indicated RNAi conditions and time points
after NEBD. Magnifications of equatorial regions are shown (right). Non-linear (blue) and linear (red) structures are highlighted by arrowheads. To better visualize
ANI-125Mker after cyk-1(RNAjani-1(RNAJ) and all transgenes after septinN°®" co-depletion, the signal intensity scaling was increased in those conditions. Scale

bars, 5 um.

(B) Mean normalized cortical fluorescence intensity of GFP-tagged ANI-1 variants for indicated RNAi conditions; n = number of embryos.
(C) Mean number of structures per embryo at the equator for different ANI-1 variants after RNAi depletions. The p values were calculated using Mann-Whitney U or
Student’sttest: **p <0.01 and ***p < 0.001 in comparison to ani- 1(RNAi) embryos expressing the same transgene; dots represent data points of individual embryos.

All error bars indicate SEM.
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an ANI-1-dependent mechanism that promotes furrow ingression
when the levels of formin-nucleated F-actin and septins are
strongly reduced (Figure S11). We propose that, in this situation,
active RhoA recruits ANI-1 and NMY-2 to the cell equator during
anaphase. ANI-1 is tethered to the equatorial membrane by its
C2 and RBD domain and NMY-2 directly binds lipids of the
plasma membrane. The disordered ANI-1 N terminus extends
into the cytoplasm, interacts with neighboring ANI-1 molecules,
and forms linear structures that circumferentially align around
the cell equator in an NMY-2-dependent manner. The linear
ANI-1 structures together with the residual F-actin form a
contractile ring that is decorated by NMY-2 and is able to
constrict. The generated force is conveyed to the plasma mem-
brane by membrane-bound ANI-1 and NMY-2 to form the cleav-
age furrow. Some linear ANI-1 structures are present in wild-type
embryos and could also assist with furrow ingression by a similar
mechanism in the presence of normal levels of formin-nucleated
F-actin.

NMY-2 is an independent membrane anchor that links
the actin cortex with the membrane

NMY-2 enriches in foci on the equatorial plasma membrane after
F-actin depolymerization even in the absence of the ANI-1 N ter-
minus. Furthermore, in vitro binding assays show that NMY-2,
together with the RLC and ELC, interacts with multiple plasma
membrane lipids. Together, our data suggest that NMY-2, after
activation by RhoA signaling, binds the membrane directly.
Membrane binding of myosin |l seems conserved in other organ-
isms as, in Drosophila cells, myosin also localizes to the mem-
brane independently of anillin and F-actin.*® In fission yeast,
Mid1p targets Myo?2 to the cytokinesis nodes during ring assem-
bly®>"*® and, with the onset of ring constriction, Mid1p but not
Myo2 leaves the division sites,” suggesting that Myo2 could
bind the membrane independently of Mid1p. A previous study
found that myosin Il interacts with lipids through its RLC-binding
site and lipid binding resulted in displacement of the RLC.®® This
implies that membrane-bound myosin Il is in the inactive state,
since the RLC is required for myosin Il activity. In contrast, we
observed that NMY-2 interacts with membrane lipids in the pres-
ence of the RLC and ELC, suggesting that NMY-2 can bind the
membrane in its active state. Thus, in C. elegans, membrane-
bound active NMY-2 might represent an independent membrane
anchor that links the plasma membrane with the actin cortex and
thereby could transmit forces generated in the contractile ring to
the plasma membrane. NMY-2 membrane tethering might func-
tion redundantly with other membrane-binding components
such as ECT2,% anillin,*® and RacGAP1.%"

Cell Reports

Formation of linear ANI-1 structures is modulated by the
amount of F-actin

We discover that ANI-1 localizes not only to cortical patches
but also to some linear structures during cytokinesis in the one-
cell C. elegans embryo. After the reduction of formin-nucleated
F-actin, numerous linear ANI-1 structures form and circumferen-
tially align around the cell equator. How could F-actin limit the
formation of linear ANI-1 structures? We speculate that, when un-
branched F-actin levels are high, ANI-1 binds F-actin and distrib-
utes along the filaments, which limits contacts between ANI-1
molecules or restrains extension or flexibility of the disordered
ANI-1 N terminus. When unbranched F-actin levels are low,
such as in the case of CYK-1 depletion, ANI-1 N termini are
free, accessible to self-interact and form linear structures. In the
complete absence of F-actin, ANI-1 WT and to some extent even
ANI-1 A48-460 and ANI-1N-®™-CX first forms circular structures
that become linear at late anaphase time points. The delayed for-
mation of linear ANI-1 structures in the absence of F-actin strongly
suggests that the residual short actin filaments might bridge adja-
cent linear ANI-1 structures to accelerate the process. We did not
observe a change in ANI-1 structure formation after the reduction
of Arp2/3-generated branched F-actin, suggesting that ANI-1
preferentially binds CYK-1-nucleated unbranched F-actin.

Anillin binds septins, which can oligomerize into higher-order
structures such as filaments.®*° Septins are required for the for-
mation of filamentous anillin structures in Latrunculin A-treated
Drosophila S2 cells.**°? Similarly, our data suggest that, in the
absence of F-actin, septins facilitate linear structure formation
of full-length ANI-1. However, a C-terminal ANI-1 fragment
(ANI-12HPH) “which still harbors the septin binding PH domain,
was insufficient for linear structure formation in the absence of
F-actin, suggesting that linear structures form via the N terminus.
Linear ANI-1 structures induced by cyk-1(RNAj) were not
affected by septinVNC®" or septinN®%" and septin"N%° co-
depletion, although cortical ANI-1 levels were clearly reduced.
This shows that linear ANI-1 structures form efficiently after a
strong reduction of both C. elegans septins as long as residual
F-actin is present. Only in cases when F-actin is completely ab-
sent do septins facilitate linear structure formation. This sug-
gests that the residual F-actin and septin support linear structure
formation, probably stabilizing and/or bundling ANI-1. Although
the septin depletion was highly efficient, we cannot entirely
exclude a contribution of some remaining septin in linear ANI-1
structure formation, and future work will have to generate null
mutations in both septin genes to test this.

Filamentous-type anillin was not only observed in Latrunculin
A-treated Drosophila cells®®°? but also along F-actin bundles

34,70

Figure 6. The membrane-targeted N-terminal half of ANI-1 is sufficient for linear structure formation
(A, B, E, and F) Representation of ANI-1 transgenes and cortical confocal images of GFP-tagged ANI-1 variants for indicated RNAi conditions and time points after
NEBD. Magnifications of the cell equator and an anterior region (a) for ANI-1N-™-CX and ANI-1-ker-CX gre displayed. Non-linear (blue) and linear (red) structures

are highlighted by arrowheads. Scaling was increased for equator magnifications of ANI-1N*™-CX and ANI-1WT, ANI-1N®™ and ANI-1N-e™-CX ith septin

UNC-61

co-depletion, and for the latter two also for cyk-1(RNAi)ani-1(RNAI). Scale bars, 5 pm.
(C) Mean normalized cortical fluorescence intensity of GFP-tagged ANI-1 variants for indicated RNAI treatments; n = number of embryos. ANI-1"T graphs are

reproduced from Figure 5B.

(D) Mean number of structures at the equatorial and anterior (a) cortex for the different ANI-1 variants after RNAi depletions. The p values were calculated using
Mann-Whitney U or Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001 in comparison to ani-1(RNAi) embryos expressing the same transgene; dots represent data

points of individual embryos. ANI-1"T graphs are reproduced from Figure 5C.

All error bars indicate SEM.

12 Cell Reports 42, 113076, September 26, 2023



Cell Reports ¢? CellP’ress

OPEN ACCESS

A
‘__J
GFP::ANI-1:
:&_\
§_ ANI-1WT

ANI-1WT

A48-160

cyk-1(RNAI) ani-1(RNAI); septin“"*'(RNAi)

ANI-1 N-term-CX

B cyk-1(RNAI) ani-1(RNAJ);
ANI-1WT septin“"*'(RNAI)
ANI-"T n=8
o D 100 JageeseaetragulagS 1001
Contractile ring = \ cyk-1(RNAI)
diameter = 801\ ani-1(RNAi)n=8 80
€5
*g“g' 60 - 60+
=S 40{ [\ an-IRNA) 101
£ 2] 20
o “\\
N 0

()
400 600 800 1000 200 400 600 800 1000
Time after NEBD (s) Time after NEBD (s)

cyk-1(RNAI) ani-1(RNAI); septin“"*'(RNAi)

ANI-1 A48-160 n=8 ANI-1 A236-460 ANJ-1NemcX =g
= 1004 1001
= 804 807
S5
£ £ 60 601
85
k-] 40+ 40
£ 20 201
o
E 0 o 0!
200 400 600 800 1000 200 400 600 800 1000
Time after NEBD (s) Time after NEBD (s) Time after NEBD (s)

Figure 7. The membrane-targeted N-terminal ANI-1 fragment partially rescues furrow ingression in cyk-1(RNAi)ani-1(RNAi);septin“"°' (RNAi)
(A) Merged differential interference contrast (DIC) and wide-field fluorescent central plane images for indicated GFP-tagged ANI-1 variants, RNAi conditions, and
time points after NEBD. Scale bar, 5 um.

(B) Plotted is the contractile ring diameter for indicated RNAi conditions and ANI-1 variants; n = number of embryos. Green and red encircled stars indicate
whether embryos succeed or fail cytokinesis, respectively.

Cell Reports 42, 113076, September 26, 2023 13



¢ CellPress

in unperturbed vertebrate cells*® after myosin Il inhibition.**
Thus, the competence of anillin to form linear structures may
be a conserved feature from worms to humans.

The C-terminal half of ANI-1 concentrates at the cell
equator in septin-dependent circular structures

Anillin’s C-terminal half harbors three membrane interaction ele-
ments: the RBD, the C2, and the PH domain, and each of them
contributes to membrane localization of anillin in human
cells.***® Importantly, the ANI-1 C-terminal half forms circular
and not linear structures in cyk-1(RNAi) and Latrunculin
A-treated embryos. The localization of the ANI-1*™ to the cir-
cular structures strongly depends on septins, thus C. elegans
ANI-1, similar to anillin in other organisms, should bind to septins
via the PH domain, *6:48:49.86

Human anillin binds septins not only directly with the PH domain
but also indirectly via CIN85 with amino acids 1-150 at its very N
terminus.®® Thus it is possible that ANI-1 has a second
septin-binding site at its very N-terminal end. We found that
removal of amino acids 48-160 from ANI-1 did not prevent linear
structure formation or furrow ingression after CYK-1 and
septin co-depletion. Further, the presence of amino acids 1-48
in the ANI-1€%™ fragment and amino acids 1-459 in the
ANI-1M-ABD-CX fragment was not sufficient for linear structure for-
mation. Together, indirect septin binding of ANI-1 viaits very N ter-
minus is either not conserved in C. elegans or is not essential for
the process studied here.

Since ANI-1 is reduced after septin depletion and septin
recruitment to the contractile ring entirely depends on
ANI-1,°*%® ANI-1 and septin stabilize each other on the plasma
membrane.

After septin and CYK-1 co-depletion, a residual pulsatile
membrane localization of ANI-1S™ ANI-1 A48-460, and
ANI-14Ltnker persisted. This could reflect direct binding to the
plasma membrane and/or binding to active RhoA. Given that
the ANI-1°*™ membrane localization strongly depends on sep-
tins, changes in ANI-1¢®™ dynamics cannot be exclusively
attributed to active RhoA dynamics. Therefore, employing the
ANI-1€"™ a5 a biosensor for active RhoA®>*>%° should be
done with caution.

The disordered ANI-1 N terminus is sufficient for linear
structure formation

The membrane-targeted N-terminal ANI-1 half localized in linear
structures. Further, our mutant analysis of full-length ANI-1 re-
vealed that neither the MBD nor the ABD nor both domains
together are required for ANI-1 linear structure formation in con-
trol and cyk-1(RNAi) embryos. Only further shortening of ANI-1
by removal of the linker region prevented the formation of linear
structures, and circular septin-dependent foci formed instead.
Splitting the N-terminal ANI-1 half revealed that the linker region
formed a few and the M-ABD no linear structures, indicating that
both regions contribute to efficient linear structure formation
when tethered to the membrane. Since the linker region of
ANI-1 was sufficient for linear structures formation when bound
to the membrane by the ANI-1 C terminus (ANI-1248-459) it sug-
gests that the employed membrane anchor might not mimic all
necessary functional features such as enrichment in certain
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lipids domains*® and/or the correct distance from the mem-
brane. Nevertheless, the membrane-targeted N-terminal frag-
ment rescued embryonic lethality more efficiently than the non-
targeted version, demonstrating that membrane binding of the
Nterminus improves its functionality. Deletion of the linker region
from full-length ANI-1 reduced linear structures after ani-1(RNAI),
supporting our conclusion that the linker is a key region to form
them. Unfortunately, deletion of the linker appears to compro-
mise the function of both the M-ABD and the Cterminus, since
the ANI-12H"Ke" mutant is more lethal than the ANI-1€™
mutant, which lacks the entire N terminus, including the linker re-
gion. In addition, the ANI-125"ke" forms no circular septin-depen-
dent structures after cyk-1(RNAI), although it contains the PH
domain. We therefore speculate that the M-ABD and C terminus
bind each other in the ANI-12H"ke" mutant and thereby block
each other’s function.

Since the N terminus of Mid1p forms high-molecular-weight
oligomers,®® one possibility is that the ANI-1 N terminus assem-
bles into linear structures by self-interaction-mediated oligomer-
ization. Furthermore, liquid-liquid phase separation mechanisms
might drive the formation of linear ANI-1 structures. Our structure
prediction reveals that the N terminus of ANI-1 is highly disor-
dered but the Cterminus is not. This feature of ANI-1 is
conserved from fission yeast® to worms and humans. Disor-
dered regions frequently mediate the formation of biomolecular
condensates by liquid-liquid phase separation,'® and indeed
the disordered N terminus of Mid1p forms condensates
in vitro.%? Liquid droplets are typically isotropic but their shape
and material properties are tunable in multiple ways.”®" For
example, isotropic liquid condensates of fused in sarcoma
(FUS) transform into spindle-shaped condensates when
F-actin is incorporated in the droplets.’®” We speculate that
linear ANI-1 structures could form by similar principles: the
isotropic spherical shape of the biomolecular ANI-1 conden-
sates is biased to an extended anisotropic form by additional
factors such as remaining F-actin polymers or posttranslational
modifications of ANI-1.

The ANI-1 N terminus promotes furrow ingression after
co-depletion of formin and septins

After CYK-1 depletion, ANI-1 forms linear structures and, at the
same time, cortical septint™N®%° |evels increase. The reduction in
F-actin levels after cyk-1(RNAi) might increase the free pool of
ANI-1, which then binds and stabilizes septin and thereby
causes an elevation in cortical septin levels. Septins or the
excess thereof could then tether ANI-1 tightly to the membrane
and thereby hinder cleavage furrow ingression in CYK-1-
depleted embryos. A reduction in septin levels might weaken
the interaction between ANI-1 and the plasma membrane and
consequently lead to increased mobility of ANI-1 on the mem-
brane, which could facilitate the interaction between ANI-1 mol-
ecules and the binding of ANI-1 to NMY-2 and the residual
F-actin. All cyk-1(RNAI);septin“"°%" (RNAJ) embryos fully ingress
a cleavage furrow, but half of them fail in abscission and the
furrow regresses. Septins are essential for abscission in
Drosophila and human cells®>®® but not in C. elegans embryos.®”
Thus, our data indicate a functional redundancy between un-
branched F-actin and septins during abscission in C. elegans.
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Our data suggest that the N terminus of ANI-1 interacts with
NMY-2, since co-localization of NMY-2 and ANI-1 after Latrun-
culin A treatment requires its presence. Consistent with that,
NMY-2 was required for the circumferential alignment of the
linear ANI-1 structures. Surprisingly, deletion of the putative
MBD did not abrogate linear ANI-1 structure alignment. Thus,
either the NMY-2 binding region is not properly predicted or
NMY-2 does not align ANI-1 via direct binding. Since CYK-1-
depleted embryos only exhibit short-range cortical flows,
the alignment of the linear ANI-1 structures around the cell equa-
tor is unlikely to be flow dependent, as suggested for un-
branched F-actin.?® Therefore, we favor alternative models
where localized motor activity of NMY-2 and crosslinkers pro-
motes equatorial circumferential alignment.?*

Furrow ingression in CYK-1 and septin-depleted embryos
required residual F-actin, NMY-2, and ANI-1. Furthermore,
furrow ingression was only supported by ANI-1 fragments that
formed linear structures and that circumferentially aligned
around the cell equator, similar to unbranched F-actin in control
embryos. Therefore, it is tempting to speculate that those ANI-1
structures have a prominent role in furrowing in septin and
CYK-1 co-depleted embryos. Although CYK-1 depletion was
highly efficient, residual CYK-1 could generate some actin fila-
ments at the cell equator. Additionally, actin filaments could be
polymerized at the polar cortex and transported to the equator
by equatorial-directed cortical flows.'®* However, we consider
flow-mediated actin transport unlikely since cortical flows are
compromised in cyk-1(RNAi) embryos'® and actin filament turn-
over is typically too high for efficient long-range transport.’%
Even though those mechanisms might result in some F-actin at
the cell equator, we and others could not detect equatorial
F-actin enrichment.”®-81-8%

It is known that several anillin homologs, including C. elegans
ANI-1, bind and bundle F-actin.*>>°® Human anillin even medi-
ates the formation of actin rings from actin filaments in vitro.%®
Thus, the circumferentially aligned linear ANI-1 structures could
organize the few remaining actin filaments into a stable equato-
rial ring by providing a scaffold and by bridging the residual actin
filaments. Although it has been reported that ANI-1-induced
actin rings can contract in the absence of myosin in vitro,®
ANI-1 rings formed in vivo after co-depletion of CYK-1 and sep-
tins do require NMY-2 for constriction. Anillin organizes NMY-2
into cortical patches in the C. elegans zygote,** stabilizes myosin
Il in the contractile ring, and interacts with NMY-2.3%46:5% There-
fore, ANI-1 could mediate the higher-order organization of
NMY-2, stabilize NMY-2 in the furrow region, and bring NMY-2
in close proximity to residual F-actin so that it can generate force
as a motor or tension as an F-actin crosslinker, similar to what
happens in normal contractile rings.**

However, since detectable F-actin did not accumulate at the
equator after CYK-1 and septin co-depletion and the ABD of
ANI-1 was not required for furrow ingression, we favor an alter-
native explanation. We hypothesize that linear ANI-1 structures
represent a novel type of network that contracts by biomolecular
condensation. ANI-1 is predicted to have numerous IDRs at the
N terminus, and we showed that the Nterminus is sufficient for
linear structure formation and furrow ingression. IDRs are
frequently found in proteins that form biomolecular condensates

¢ CellP’ress

by liquid-liquid phase separation. Recent reports demonstrate
that biomolecular condensation can also exert forces on cellular
structures and alter the shape of membranes.'®'%® For
example, the formation of biomolecular condensates of FUS
on the surface of membrane vesicles generates compressive
stress and causes inward membrane bending.'® We speculate
that condensation of linear ANI-1 structures results in the
contraction of the ANI-1 network and ultimately in the inward
bending of the plasma membrane (Figure S11). The contractile
force generated by ANI-1 condensation is then propagated
around the ANI-1 network by NMY-2 filaments, which bind and
crosslink the ANI-1 linear structures. As a first step, future
work will need to show that C. elegans ANI-1, like Mid1p from
fission yeast,”” also undergoes liquid-liquid phase separation.
Linear ANI-1 structures are also observed in wild-type embryos
that have normal F-actin levels. So, it is possible that ANI-1 linear
structures may assist with furrow ingression in a normal situation
and take over the process when unbranched F-actin levels are
reduced.

In summary, we find that ANI-1 forms linear structures and
supports furrow ingression when unbranched F-actin levels are
low. Although actomyosin-dependent constriction is the most
actively investigated mechanism for cytokinetic furrowing, alter-
native ways have been reported to exist. For example, furrow
ingression is mediated in Dictyostelium and human RPE1 by
the opposite migration direction of the two daughter cells”>""
and in archaea by supercoiling of the elastic ESCRT-IIl fila-
ment."'%""" Our findings highlight the existence of a compensa-
tory mechanism of cleavage furrow ingression that is likely to
contribute to the enormous robustness of cytokinesis.

Limitations of the study

The study employs RNAi-mediated protein depletions to analyze
the function of various cytokinesis regulators. Although the study
shows that the RNAI depletions are highly efficient, it cannot be
excluded that residual amounts of proteins contribute to the pro-
cesses. In addition, the condensation-based model of ring
constriction is based on the prediction that ANI-1 undergoes
liquid-liquid phase separation, which still must be demonstrated
for C. elegans ANI-1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP (clones 7.1 and 13.1) Roche Cat#11814460001; RRID: AB_390913
Mouse monoclonal anti-Actin (clone AC-15) Sigma-Aldrich Cat#A1978; RRID: AB_476692
Mouse monoclonal anti-FLAG (clone M2) Sigma-Aldrich Cat#F1804; RRID: AB_262044
Mouse monoclonal anti-Strep-tagTM 1l IBA Lifesciences Cat#2-1507-001; RRID: AB_513133
Mouse monoclonal anti-His-tag (clone HIS.H8) Millipore Cat#05-949; RRID: AB_492660

Goat anti-Mouse IgG (H/L)-HRP Bio-Rad Cat#1706516; RRID: AB_11125547

Conjugate antibody (polyclonal)

Bacterial and virus strains

Escherichia coli OP50 Caenorhabditis Genetics Center (CGC) N/A
Escherichia coli DH5a Thermo Fisher Scientific Cat#18265017
Escherichia coli HT115 (DE3) N/A N/A
Chemicals, peptides, and recombinant proteins

ECL Prime Western Blotting Detection Reagent Cytiva Amersham ™ Cat#RPN2236
Pierce™ ECL Western Blotting Substrate Thermo Fisher Scientific Cat#32109
Latrunculin A Enzo Life Sciences; Sigma-Aldrich Cat#BML-T119; Cat#L.5163
FM™ 4-64 Dye Thermo Fisher Scientific Cat#T13320
Critical commercial assays

PIP Strips - Lipid-Protein Interaction Assay Echelon Bioscience Cat#P-6001
MEGAscript™ T7 Transcription Kit Thermo Fisher Scientific Cat#AM1334
Experimental models: organisms/strains

Wild type (Caenorhabditis elegans) Caenorhabditis Genetics Center (CGC) N2

xsSi5 [pie-1p::GFP::ani-1"""::pie-1 3'UTR + (Tse et al.)?° MG617
Cbr-unc-119(+)]ll

ani-1(mon7[mNeonGreen3xFlag::ani-1]) Il (Rehain-Bell et al.)'"? MDX29
zbls2[pie-1p::LifeAct::RFP + unc-119(+)] Zhirong Bao BV70
nmy-2(cp52[nmy-2::mkate2 + LoxP unc-119(+) (Dickinson et al.)'"® LP229
LoxP]) I; unc-119(ed3) Ill

cyk-1::gfo (Reymann et al.)?? SWG004
oxTi179 II; unc-119(ed3) Il (Frokjeer-Jensen et al.)'™* EG8079
unc-59(qy50[unc-59::GFP::3xflag::AID]) | (Chenetal)'™® NK2225
ItIs157 [pAC16; ppie-1::LifeAct::GFP; (Osério et al.)"™* GCP22
unc-119 (+)]; unc- 119(ed3) Ill; prtSi2[pAC71;

Pnmy-2:: re-encoded nmy- 2::mCherry::

StrepTagll::3'UTR nmy-2; cb-unc-119(+)] Il

nmy-2(cp13[nmy-2::gfp + LoxP]) I; This study ZAN23
OD56 (mCherry::histone H2B; Itls44

[pie-1p::mCherry::PH(PLC1delta1)+unc-119(+)]

ani-1(mon7[mNeonGreen”3xFlag::ani-1]) llI; This study ZAN348
zbls[pie-1:: LifeAct::RFP + unc-119(+)]

nmy-2(cp52[nmy-2::mkate2 + LoxP This study ZAN351
unc-119(+) LoxP]) I; unc-119(ed3) IlI;

ani-1(mon7[mNeonGreen”3xFlag::ani-1]) lll

nmy-2(cp52[nmy-2::mkate2 + LoxP This study ZAN368

unc-119(+) LoxP]) I; unc-119(ed3) IlI;
xsSi5 [pie-1p::GFP::ani-14"""::pie-1
S'UTR + Cbr-unc-119(+)] Il

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
cyk-1::9fp, zbls2[pie-1p::LifeAct::RFP + This study ZANG71
unc-119(+)]

Si192[pEZ379; pani-1::GFP::ANI-17E-WT; This study ZAN373
cb-unc-119(+)Jll; unc-119(ed3) Il

Si193[pEZ388; pani-1::GFP::ANI-17- This study ZAN375
4236-460AA; cb-unc-119(+)]ll; unc-119(ed3) Il

Si194[pEZ389; pani-1::GFP::ANI-17E- This study ZAN376
A48-460AA; cb-unc-119(+)jll; unc-119(ed3) Il

Si197[pEZ390; pani-1::GFP::ANJ-1N~1erm-CX This study ZAN379
(1-763AA-PBS-CX); cb-unc-119(+)Jll;

unc-119(ed3) Il

Si200[pEZ391; pani-1::GFP::ANI-1°-tm This study ZAN382
(448-680AA); cb-unc-119(+)JIl; unc-119(ed3) Il

Si201[pEZ387; pani-1::GFP::ANI-17E- 148-160; This study ZAN383
cb-unc-119(+)jll; unc-119(ed3) Il

Si203[pEZ419; pani-1::GFP::ANI-1N-tm This study ZAN386
(1-763AA); cb-unc-119(+)Jll; unc-119(ed3) Il

Si204[pEZ422; pani-1::GFP::AN|-1Linker-CX This study ZAN387
(1-47AA, 441-763 AA-PBS-CX);

cb-unc-119(+)jll; unc-119(ed3) Il

Si205[pEZ421; pani-1:GFP::ANI-1"A85-CX This study ZAN390
(1-459AA-PBS-CX); cb-unc-119(+)]Il;

unc-119(ed3) Il

Si206[pEZ420; pani-1::GFP::ANI-14Linker This study ZAN391
(4460-763AA); cb-unc-119(+)jIl;

unc-119(ed3) Il

unc-59(qy50[unc-59::GFP::AID])I; ItIs37 This study GCP1126
[pAA64; pie-1/mCherry::his-58; unc-119 (+)]

Recombinant DNA

pACEbac1-6xHis:nmy-2 This study N/A
pACEbac1-StrepTagll:mic-4 (Osorio et al.)™ pAC437
pACEbac1-StrepTagll:mlc-5 (Osério et al.)"* pAC438
pCFJ350: pani-1:gfp::ani-17E-WT::ani-1 This study pEZ379
pCFJ350: pani-1::gfp::ani-17E-A48-160AA::ani-1 This study pEZ387
pCFJ350: pani-1:gfp::ani-17E-A236-460AA::ani-1 This study pEZ388
pCFJ350: pani-1::gfp::ani-17E-A48-460AA::ani-1 This study pPEZ389
pCFJ350: pani-1::gfp::ani-1N-tem This study PEZ390
(1-763AA-PBS-CX)::ani-1

pCFJ350: pani-1::gfp::ani-1°-tm This study PEZ391
(A48-680AA)::ani-1

pCFJ350: pani-1::gfp::ani-1N-tem This study pEZ419
(1-763AA)::ani-1

PCFJ350: pani-1::gfp::ani-14Hnker This study pEZ420
(A460-763AA)::ani-1

pCFJ350: pani-1::gfp::ani-1-nker—CX This study pEZ422
(1-47AA, 441-763AA-PBS-CX)::ani-1

pCFJ350: pani-1:gfp::ani-1M-ABD-CX This study pEZ421
(1-459AA-PBS-CX)::ani-1

Software and algorithms

NIS Elements 5.21.03 Nikon https://www.microscope.healthcare.
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nikon.com/en_EU/products/
software/nis-elements
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LAS X 3.5.7.23225 Leica https://www.leica-microsystems.com/
products/microscope-software/
p/leica-las-x-Is/

Andor iQ3 Oxford Instruments https://andor.oxinst.com/

Fiji (ImageJ) 1.54 Schindelin et al."'® https://imagej.nih.gov/ij/

Prism 9 GraphPad https://www.graphpad.com/

Image Lab v. 5.2.1 Bio-Rad http://www.bio-rad.com/

MS Excel Microsoft https://www.microsoft.com/

KNIME Analytics Platform 4.6.3 KNIME https://www.knime.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Esther
Zanin (esther.zanin@fau.de).

Materials availability
C. elegans strains and plasmids generated in this study will be made available upon request via the lead contact.

Data and code availability
This paper does not report original code. Primary data associated with the paper is available upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were maintained at 20°C on NGM plates seeded with Escherichia coli (OP50).""" Details of the used worm
strains''?""3""° are provided in key resources table.

RNAi experiments were performed by injection or feeding and details of the RNAi experiments are listed in Table S1. For the gen-
eration of dsRNA for injection the target sequence was amplified by PCR from cDNA or genomic DNA with sequence specific primers
containing T7 overhangs on both sides (Table S1). The purified PCR product was used as a template for the in vitro transcription re-
action using the MEGAscript T7 kit (AM1334 Invitrogen, Thermo Fischer). dsRNA was injected into young hermaphrodites mounted
on 2% agarose pads. After injections worms were rescued on OP50 seeded NGM plates and incubated at 20°C for 15-19 h (perm-1),
24-28 h (nmy-2), or 39-49 h (cyk-1, ani-1, arx-2, septin“"~>%, septin“"°~¢"). Since septin“"° 6" (RNAI) and septin co-depletion showed
a similar phenotype, we pursued most experiments with septin“’°~7(RNAi). For perm-1 and ani-1 double RNAi (Figure S9D), worms
were first injected with ani-7 dsRNA and after 30 h incubation time at 20°C injected again with perm-1 dsRNA. For cyk-1 or cyk-1;
septin“"*~8" and nmy-2 double/triple RNAI (Figure 3), worms were first injected with cyk-7 or cyk-1; septin“™~" dsRNA and after
22 h incubation time at 20°C injected again with nmy-2 dsRNA.

For feeding RNAI, L4440 vectors carrying part of the sequence of ani-1 or perm-1 were obtained from the Ahringer library
(Source Bioscience), sequenced to confirm the gene target, and transformed into HT115 (DE3) bacteria. Briefly, the RNAI bacterial
clones were grown until an OD of 1.6 in 50 mL Lysogeny broth (LB) medium containing 12.5 pg/mL tetracycline and 50 pg/mL ampi-
cillin overnight at 37°C. The overnight culture was centrifuged at 4000 g for 10 min, the supernatant was removed, and the cell
pellet was resuspended in 2.5 mL LB medium containing 12.5 ng/mL tetracycline, 50 pg/mL ampicillin, and 0.23 mg/mL IPTG (iso-
propyl B-D-1-thiogalactopyranoside). In parallel, unseeded NGM plates were dried for 1 h in a 37°C incubator. Then, 100 pL of a
1:1:1 mix of 50 ng/mL ampicillin, 12.5 pg/mL tetracycline, and 0.1 g/mL IPTG was added. These treated plates were inoculated
with 100 pL of bacterial culture. To obtain permeabilized embryos in Figures 4 and S6, the inoculated bacterial culture consisted
of 20 pL of bacteria expressing perm-1 dsRNA''® and 80 pL of LB (perm-1(RNAIJ) alone), or 20 pL of bacteria expressing perm-1
dsRNA and 80 pL of bacteria expressing ani-1 (perm-1(RNAI)). The expression of dsRNA was induced for 5 h at 37°C, in the dark.
25-30 L4 stage hermaphrodites were added to the treated plates and incubated at 20°C for 45-48 h before dissection for imaging.
For Latrunculin A treatment in Figure S9D hermaphrodites were injected first injected with ani-1 and subsequently with perm-1 day
RNA as described above.
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METHOD DETAILS

Embryonic lethality counts

To determine embryonic lethality after ani-7(RNAI), young adult worms were injected with ani-7 dsRNA and incubated at 20°C for 48
h. Afterward, injected worms were singled on NGM plates, incubated 20 h and sacrificed after 24 h. The number of larvae and dead
embryos was counted 24 h later.

Immunoblotting

For immunoblotting, worms were picked in MPEG (M9 plus 0.05% polyethylene glycol 8000 (PEG)) buffer and washed three times.
The volume of the MPEG buffer was reduced and sample buffer was added to reach approximately 1 worm/uL. Worms were incu-
bated at 95°C for 5 min, followed by centrifugation at room temperature for 10 min at 20000 g to spin down debris and subsequently
20 pL of supernatant were loaded in each lane."'® Membranes were incubated with anti-Actin (A1978 Sigma, 1:6000), anti-FLAG
(F1804 Sigma, 1:2500) or anti-GFP (11814460001 Roche, 1:600) primary antibodies. HRP-conjugated mouse (1706516 Bio-Rad,
1:7500) were used as secondary antibodies.

Mos1-mediated single copy insertion (MosSCI) of ANI-1 variants

For the gfp::ani-1 transgenes the genomic ani-1 locus (6507 bp) with its promotor (565 bp) and 3'UTR (319 bp) were cloned together
with GFP into pCFJ350 by Gibson cloning. ANI-1 transgenes were ani-1 RNAI resistant so that we could specifically deplete endog-
enous ANI-1 by RNAI and test the function of the ANI-1 variants. For this, exon 5 was rendered RNAi resistant by amino acid codon
shuffling (Figure S8D). For the ANI-1N~1em-CX pAN|-qLinker—CX aAN|.1M~ABD-CX y ariants the PBS and the CX motif of RHO-1 (C. elegans
RhoA, AA181-192) were fused to the C-terminal end. We chose this region as a membrane anchor, since it was sufficient for mem-
brane localization and did not exhibit any specific cortical enrichment during anaphase. All transgenes are listed in the key resources
table.

Ani-1 transgenes were integrated on chromosome Il (EG8079) using the MosSCI method."'* Young hermaphrodites were mounted
on 2% agarose pads and injected with a mix containing the vector carrying the ani-1 transgene, the transposase (pCFJ601) and co-
injection markers (pCFJ90 and pCFJ104). Worms were singled on NGM plates seeded with OP50 and incubated at 25°C for 7-
10 days until starved. Wild type movers, negative for the mCherry-tagged array markers, were checked for homozygous GFP expres-
sion and correct integration was verified using PCR.

Fluorescence microscopy and image analysis

C. elegans gravid hermaphrodites were dissected in 4 uL. M9 buffer on a 18 x 18 mm coverslip. The embryos were mounted on a2%
agarose pad by inverting the coverslip onto the pad and then sealed with vaseline. Confocal images (Figures 1, 2, 3, S1A, S1F, S2,
S3A, S4, and S5) were acquired using a Nikon inverted microscope (Eclipse Ti) equipped with a confocal spinning disk unit, a 100x
1.45-NA Plan-Apochromat oil immersion objective and an Andor DU-888 X-11056 camera (1024x1024 pixels). The system was
controlled by NIS Elements software. GFP and red-fluorescent probes were imaged using 488 nm and 561 nm lasers, respectively,
and for some experiments transmission images were acquired in the central plane. Confocal images of Figures 5A, 5D, 5E, 6E, S9B,
and S9C were acquired on the Leica SP8 confocal laser scanning microscope equipped with a white light laser, 63x/1.3 GLYC objec-
tive and a photomultiplier and of Figures 5F, 6A, 6B, 6F, S1E, S3C, S7, and S9D, on a Leica TCS SP8 DIVE-FALCON equipped with
488 nm argon and 561 nm lasers and APO CS2 63x/1.4 oil objective. To display images acquired on the Leica SP8, a Gaussian Blur
filter with a radius of 0.8 was applied to reduce noise. Cortical images in Figures 4 and S6 were acquired on a spinning disk confocal
system (Andor Revolution XD Confocal System; Andor Technology) with a confocal scanner unit (CSU-X1; Yokogawa Electric Cor-
poration) mounted on an inverted microscope (Ti-E, Nikon) equipped with a 60 x 1.4 NA Plan-Apochromat oil objective and solid-state
lasers of 488 nm (50 mW) and 561 nm (50 mW). For image acquisition, 12 x 0.5 um z-stacks were collected every 5 s by using an
electron multiplication back-thinned charge coupled device camera (iXon Ultra 897; Andor Technology). Acquisition parameters,
shutters and focus were controlled by Andor iQ3 software. Wide-field fluorescent and DIC images in Figures 7A and S10A were ac-
quired on either a Nikon Ti2-Eclipse microscope equipped with a CFI Apochromat 100x1.49 NA oil objective and a Prime 95B,
A18E203001 camera or on a Zeiss Axiolmager.Z1 ApoTome microscope equipped with a 63 x1.4-NA Plan-Apochromat oil immer-
sion objective (Zeiss) and AxioCamMR3 camera to measure contractile ring diameter.

Image analysis and quantification was performed in Fiji."'® All data analysis was performed in Excel, Prism (GraphPad) or KNIME
analytics (http://www.knime.org) and figures were assembled with the Affinity Designer software.

For high-time resolution data, imaging was started during pronuclear migration with central planes images acquired every 16 s
(Figures 2, 3, 5, 6, S1, S2E, S3, S4, S5A, S7, and S9). At the time of NEBD (defined as the time point when the border of the nucleus
was no longer visible in the DIC channel) imaging was stopped and resumed at the cell cortex before anaphase onset with a time
interval of 2.5 s (Figures 2, 3, S1A, S1F, S2E, S4, and S5A) or 5 s (Figures 5, 6, S1E, S3C, S7, and S9).

Fluorescence intensity along cortical plane images (Figures 5B, 6C, S1B, S1E, S1F, S2E, S3B, S3E, S4C, S5B, S5E, and S6F) was
measured by drawing a wide line from the anterior to the posterior cortex of the embryo 180 s after NEBD, which is around the time of
contractile ring assembly (Figure S1B). Cortical fluorescence intensity was normalized by dividing by the mean cytoplasmic intensity
measured in a rectangular box in the posterior region of central plane images at the time of NEBD. The mean normalized cortical
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intensity was calculated for 101 intervals from the anterior (0%) to the posterior (100%) for each embryo. To correct the fluorescent
signal for bleaching, the mean cortical intensity was measured over time in a rectangular box in the posterior region for each embryo.
The mean fluorescence intensity relative to the initial intensity was calculated for control embryos (n > 11) for each time point and
used as a ‘correction coefficient’. To correct for bleaching, the fluorescent intensity measured at a specific time point was multiplied
with the ‘correction coefficient’ of this time point.

Directionality of ANI-1 and LifeAct was determined on cortical images that were processed by subtracting the mean fluorescence
intensity measured outside the embryos. Subsequently a Gaussian Blur filter with a radius of 0.5 was applied followed by an Unsharp
Mask filter with a radius of 2 pixels and a Mask Weight of 0.6. Images were also rotated (anterior — left, posterior — right). To measure
directionality a rectangular box was placed at the cell equator at selected time points after NEBD and the ImagedJ plugin ‘Direction-
ality’ with the method local gradient orientation'“® was used. The orientation of ANI-1 and LifeAct was classified into 45 bins from 0° to
90° orientation. The mean percentage of ANI-1 and LifeAct structures with 0°-20°, reflecting anterior-posterior orientation, and 68°—
88°, reflecting circumferentially orientation, was calculated for each embryo.

The number of linear and non-linear structures was analyzed on cortical images that were processed as described for the direc-
tionality analysis. Additionally, the mean fluorescence intensity measured at the anterior cortex was subtracted from the cortical im-
age at the end. A rectangular box was positioned at the cell equator (and anterior for ANI-1N"1-CX gnd ANI-1HM<e—CX embryos) and
the length and width of all structures was determined manually. For each structure the length/width ratio was calculated and struc-
tures with the length/width ratio <4 were classified as non-linear and structures with a length/width ratio >4 were classified as linear
(Figure S3A).

The contractile ring diameter was measured manually on central plane images acquired every 20 s starting at NEBD. The initial ring
diameter NEBD was set to 100% diameter width. Embryos were filmed from NEBD of the first cell division until to onset of the second
cell division.

Latrunculin A treatment

Adult hermaphrodites that had been treated with perm-1 dsRNA (see above) were dissected, and permeabilized embryos were
filmed in meiosis medium (25 mM HEPES, pH 7.4, 0.5 mg/mL inulin, 20% heat-inactivated fetal bovine serum, and 60% Leibo-
witz-15 medium) without compression. Embryos were either imaged in an custom build microdevice containing microwells''® (Fig-
ures 4 and S6) or in a self-made imaging chamber (Figures S7A and S9D). For the self-made chamber double sided tape was folded
into two layers, a 5 mm well was introduced with a puncher and the tape was glued onto a freshly 0.1% poly-L-lysine coated 24 x
60 mm glass coverslip. Using a few drops of water, the coverslip was tapped onto a metal slide containing a central whole surround-
ing the well and 10 puL meiosis medium were added to the well in which the worms were dissected. 10 uM Latrunculin A (L5163 Sigma,
BML-T119 Enzo Life Sciences) was added between metaphase and anaphase onset. At the end of each video, medium containing
33 uM FM 4-64 (T13320 Invitrogen/Thermo Scientific) was added to the imaging chamber to confirm that the imaged embryo was
permeable.

6xHIS::NMY-2 cloning and NMY-2/MLC-4/MLC-5 protein expression

NMY-2 full length was amplified from C. elegans cDNA and cloned into the pACEbac1 expression vector using Gibson assembly with
an N-terminal 6xHistidine tag followed by a flexible linker (GlySerGlySerGly). The primers used were 0cAC1233 - 5-ACCATG
GCTCTGGTAGCGGCACATCATCTCGACAAAAAGATGATGAG-3’ (forward) and oAC1234 - 5'-TAGTACTTCTCGACAAGCTTTTAG
TTGCGAACTGAGTCGCG GTCT-3’ (reverse). The backbone was amplified from pACEbac1 vector using the following primers
0AC1235 - 5'-AAGCTTGTCGAGAAGTACTAGAGGATCATAATC-3’ (forward) and oAC1236 5-GCCGCTACCAGAGCCATGG-3
(Reverse). Baculovirus expression of the 6xHIS::NMY-2 full-length/Streptagll::MLC-4/Streptagll:MLC-5 complex, cell lysates and
tandem streptactin/Ni-NTA affinity chromatography were performed as described previously for NMY-2 HMM complexes.”* The
concentrated eluate of the Ni-NTA purification was dialyzed overnight in high salt buffer (10 mM MOPS, 500 mM NaCl, 3 mM
NaNz, 1 mM EDTA, 1 mM DTT (pH 7.3)). Glycerol and DTT were added to a final concentration of 10% (v/v) and 1 mM, respectively.
Aliquots were flash-frozen in liquid nitrogen and stored at —80°C.

PIP strips and immunoblotting

To analyze lipid binding, PIP strips (P-6001 Echelon Bioscience) were used according to the manufacturer’s instructions. Each mem-
brane consists of 16 spots: 15 contain several lipids and 1 empty (blank). Additionally, on the empty space on the top of the mem-
branes, was spotted with two controls for proper detection consisting of 1 uL of each protein sample (0.5-1 pg) or 1 puL of the sec-
ondary antibody pre-diluted 1:100 (secondary antibody control). The two control spots were allowed to dry before proceeding with
the protocol. Membranes were then incubated with blocking solution (3% BSA fatty-acid free (Sigma-Aldrich) in PBS (Gibco, Thermo
Fisher) with 0.1% (v/v) Tween 20) (PBS-T) for one 1 h at RT. Membranes were then incubated with 4 ng/mL of either Streptagll::MLC-4
or 6xHIS::NMY-2/Strep-tag Il::MLC-4/Strep-tag I1:MLC-5 complex in blocking buffer for 1 h at RT, followed by three washes in PBS-T
with gentle agitation for 5 min. To detect bound proteins, membranes were incubated for 1 h at room temperature in blocking solution
with mouse anti-Strep-tagll antibody (2-1507-001 IBA Lifesciences, 1:750) for Strep-tagll::MLC-4 detection or mouse anti-6xHisti-
dine tag antibody (05-949 Millipore, 1:2,500) for 6xHIS::NMY-2 detection. After washing, membranes were incubated with HRP-con-
jugated anti-mouse antibody at 1:5,000 in blocking solution and incubated for 1 h at RT. This was followed by another round of three
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washes and PBS was used for the final wash. All steps were performed under gentle agitation. Immunoblots were visualized by
chemiluminescence using Pierce ECL Western Blotting Substrate (Thermo Fisher) and a ChemiDoc XRS+ System with Image Lab
Software (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed in Prism (GraphPad). Mean values are presented with error bars representing standard error of the

mean (SEM) as indicated in the figure legends. For data with normal distribution a parametric (two sided Student’s t-test) and with
nonnormal distribution a Mann-Whitney-U test for was performed.
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Table S1: dsRNA generation, T7 sequence is underlined

. . . . RNAi Concentration
Gene Oligonucleotide 1 | Oligonucleotide 2 Source i
condition [ng/ul]
TAATACGACTCACT | TAATACGACTCACT
cyk-1 ATAGGTTGGAGTT | ATAGGTTGCCTTG cDNA injection 0.51.0
CGATGCAGAAGA TCAGGAACTGAA
TAATACGACTCACT | TAATACGACTCACT
nmy-2 | ATAGGAATTGAATC | ATAGGACTGCATTT cDNA injection 0.18-0.36
TCGGTTGAAGGAA | CACGCATCTTATG
TAATACGACTCACT | TAATACGACTCACT enomic
ani-1 ATAGGAGCCGGAG | ATAGGCCTATTCTT 9 DNA injection 0.35-0.7
TTGGAAAGCTG TTCCAAACGTTGC
TAATACGACTCACT | TAATACGACTCACT genomic
unc-61 | ATAGGAGCGTGTT | ATAGGTCCAGTCT DNA injection 0.3-1.0
AATGTGATCCCAG | CTCCATCTCCAATC
TAATACGACTCACT | TAATACGACTCACT genomic
unc-59 | ATAGGTGGGAGCC | ATAGGCGATTCTT DNA injection 0.3
AATAGTGAACTAC CTCATTCTTCGGC
TAATACGACTCACT | TAATACGACTCACT
arx-2 ATAGGCAGCTTCG | ATAGGTATTTCCAT cDNA injection 1.0
TCAAATGCTTG GCAATACGCG
TAATACGACTCACT TAATACGACTCACT .
ATAGGAATTTTCTA genomic s
perm-1 GGTCGTCAATCTT ATAGGCGAAAACG DNA injection 0.1
CA CGATCATTTTTA
erm-1 AATGTTTATGAACC | TTCACGCAGTTGTT 1] feedin NA
P CGAGCG GACACA 9 i
ani-1 CATGTTCACTGAC CAAACTCAATGGA Bioscience | feeding NA.

AACTGGGATA

GAGGACAATC
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Figure S1 Single, double and triple RNAi co-depletions of CYK-1 and septin are highly
efficient, related to Figure 1

A) Confocal single z-plane cortical images of endogenously tagged septinN°-%°::GFP for indicated
RNAI conditions 180 s after NEBD.

B) Normalized mean septinUN°5%::GFP fluorescence intensity from the anterior (0% embryonic
length) to the posterior (100%) cortex 180 s after NEBD for the indicated RNAi conditions.

C) The contractile ring diameter is plotted as % of the initial contractile ring diameter over time for
individual embryos treated with septin“">5°(RNAI); cyk-1(RNAI); septin“"*%"(RNAI). Green and red
encircled stars indicate whether embryos succeed or fail cytokinesis, respectively.

D) Immunoblot of septinNS-5%::GFP and CYK-1::GFP expressing worms with and without septin“"*
%9(RNAI) or cyk-1(RNAI) probed with antibodies against GFP and actin, as a loading control. The
mean septinNS%::GFP or CYK-1::GFP protein levels (3 worm extracts) are indicated, star
indicates a non-specific band.

E) Confocal cortical single z-plane images of endogenously tagged CYK-1::GFP (left) and
normalized mean CYK-1::GFP fluorescence intensity from the anterior to the posterior cortex 180
s after NEBD for indicated RNAI conditions (right).

F) Confocal cortical single z-plane images of endogenously tagged CYK-1::GFP (cyan) and
LifeAct::RFP (magenta) expressing embryos for the indicated RNAi conditions 180 s after NEBD
(left). Normalized mean CYK-1::GFP and LifeAct::RFP fluorescence intensity from the anterior to
the posterior cortex 180 s after NEBD (right).

All scale bars are 5 uym, error bars are SEM and n=number of embryos analyzed.
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Figure S2 ARX-2 depletion does not prevent furrow ingression in cyk-1(RNAi); septin'"*
67(RNAi) embryos, related to Figure 1

A) Central plane images of embryos expressing the membrane marker mCherry::PH-PLC81 and
mCherry::DNA (Histone-H2B) and treated with the indicated RNAi conditions.

B, C) The contractile ring diameter is plotted as % of the initial contractile ring diameter over time
for individual embryos for indicated RNAi conditions. Green and red encircled stars indicate
whether embryos succeed or fail cytokinesis, respectively.

D) Immunoblot of endogenously tagged NeonGreen::ANI-1 (NG::ANI-1) expressing worms with
and without ani-1(RNAI) probed with antibodies against Flag and actin, as a loading control. The
mean NG::ANI-1 protein levels (3 worm extracts) are indicated.

E) Confocal cortical single z-plane images of NG::ANI-1 (left) and normalized mean NG::ANI-1
fluorescence intensity from the anterior to the posterior cortex 180 s after NEBD for indicated
RNAI conditions (right).

All scale bars are 5 uym, error bars are SEM and n=number of embryos analyzed.
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Figure S3 Equatorial septinN°°::GFP levels are elevated after CYK-1 depletion and
strongly reduced after ANI-1 depletion, related to Figure 2

A) After filtering the original image, the length and width of each structure was measured in a
region at the cell equator unless stated otherwise. Structures with a length/with ratio 24 were
classified as linear and a length/with ratio <4 as non-linear.

B) Mean normalized NG::ANI-1 fluorescence intensity from the anterior to the posterior cortex at
180 s after NEBD for indicated RNAI conditions. The control NG::ANI-1 graph is reproduced from
Fig. S2E.

C) Confocal single z-plane images of the cell cortex of endogenously tagged NG::ANI-1 (cyan)
and NMY-2::mKate (magenta) for septin“">>°(RNAI); cyk-1(RNAI); septin“">%'(RNAi) embryos.
Magnification of the equatorial region of the same embryos are shown on the right.

D) Confocal single z-plane images and magnifications of the equatorial region of embryos with
endogenously GFP-tagged septinUc° at 180 s after NEBD are shown.

E) Mean normalized septin®N¢-5°::GFP fluorescence intensity from the anterior to the posterior
cortex for indicated RNAI conditions at 180 s after NEBD.

F) Mean number of septinUNS%°::GFP structures per embryo for the indicated conditions at 180 s
after NEBD. Dots represent data points of individual embryos.

Linear structures are highlighted by red and non-linear by blue arrowheads. Error bars are SEM,
all scale bars are 5 ym, n=number of embryos analyzed.
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Figure S4 ARX-2 depletion does not influence NG::ANI-1 localization, related to Figure 2

A) Confocal single z-plane images of LifeAct::RFP for control and arx-2(RNAi) embryos at 180 s after NEBD. After
arx-2(RNAIJ) F-actin puncta (white arrowheads) disappear.

B) Confocal single z-plane images of the cell cortex of NG::ANI-1 (cyan) and NMY-2::mKate (magenta) after
arx-2(RNAI) or cyk-1(RNAI); arx-2(RNAI). Magnification of the cell equator is shown on the right. Note: cleavage
furrow ingression is delayed in arx-2(RNAI) in comparison to control embryos (compare with Fig. 2A, 180 s). Linear
structures are highlighted by red and non-linear by blue arrowheads.

C) Normalized mean NG::ANI-1 fluorescence intensity from the anterior to the posterior cortex at 180 s after NEBD
for indicated RNAI conditions. Control graph is reproduced from Fig. S2E and n=number of embryos analyzed.

D) The mean number of linear and non-linear NG::ANI-1 structures per embryo at an equatorial region for the
indicated RNAI conditions at 180 s after NEBD. P-value was calculated using Mann-Whitney-U test and represents
** p<0.01 in comparison to arx-2(RNAI) treated embryos and dots represent data points of individual embryos.

All scale bars are 5 ym and error bars are SEM.
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Figure S5 Single, double and triple RNAIi co-depletions of NMY-2,
CYK-1 and septinN¢¢' are highly efficient, related to Figure 3

A) Confocal single z-plane cortical images of NMY-2::mKate for indicated
RNAI conditions 180 s after NEBD.

B) Graphs display the mean normalized NMY-2::mKate cortical
fluorescence intensity for the indicated RNAI conditions 180 s after NEBD.
C) Immunoblots of adults worms expressing endogenously-tagged
GFP::NMY-2 with or without nmy-2(RNAI) and probed with the indicated
antibodies. The mean intensity of the GFP::NMY-2 band is shown (3 worm
extracts).

D) Central plane images of embryos expressing the general membrane
marker mCherry::PH-PLC1 and mCherry::DNA (Histone-H2B) and treated
with the indicated RNAI conditions and time points after NEBD.

E) Normalized cortical NG::ANI-1 fluorescence intensity for indicated
RNAI conditions 180 s after NEBD. Control graph reproduced from Fig.
S2E.

Error bars are SEM, scale bars are 5 um and n= number of embryos
analyzed.
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Figure S6 Cortical fluorescence intensities of NMY-2::mKate and NG:ANI-1 after
Latrunculin A treatment, related to Figure 4

A-C) Maximum intensity projections of 10 cortical z-planes of permeabilized one-cell embryos
expressing NMY-2:mCherry (magenta) and LifeAct::GFP (cyan) treated with DMSO (A) or
Latrunculin A (B, C). Panel (C) shows a kymograph of the equatorial region of the embryo in panel
(B).

D, E) Maximum intensity projections of 10 cortical z-planes of permeabilized one-cell embryos
expressing NMY-2::mKate (magenta) and NG::ANI-1 (cyan) treated with DMSO (D) or Latrunculin
A (E). Panel (E) shows a kymograph of the equatorial region of the embryo of Fig. 4A.

F) Normalized mean cortical NMY-2::mKate and NG::ANI-1 fluorescence intensity from the
anterior to the posterior cortex for control and Latrunculin A treated embryos at indicated time
points.

Error bars are SEM, scale bars are 5 ym and n=number of embryos analyzed.
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Figure S7 Septin!NC¢ facilitates linear structure formation in the absence of F-actin, related to Figure 4
A) Maximum intensity projections of 6 cortical z-planes of permeabilized one-cell embryos expressing NG::ANI-
1 and treated without and with septin“"*°’(RNAI) and Latrunculin A. Intensity scaling of septin‘"¢'(RNAi) embryo
was increased.

B) Mean number of NG::ANI-1 structures at the cell equator per embryo without and with septin“"¢'(RNAi) and
Latrunculin A treatment. Error bars are SEM, P-values were calculated using Mann-Whitney-U or student t-test
and represent * p<0.05, ** p<0.01, *** p<0.001 in comparison to 180 s, dots represent data points of individual
embryos. Control condition is reproduced from Fig. 4B.

C) Plotted is the contractile ring diameter of each embryo over time for Latrunculin A treated embryos with and
without septin“"5"(RNAi), n=number of embryos analyzed. Red encircled stars indicate that embryos fail
cytokinesis.
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Figure S8 The N-terminal halves of C. elegans and human anillin are predicted to be
highly disordered, related to Figure 5

A-B) Graphs display the predicted disordered regions of C. elegans ANI-1 and human anillin
which were determine with DISOPREDS3 [S2]. For comparison a scheme of their functional
domains is shown below.

C) Schematic representation of GFP-tagged ANI-1"T and tested ANI-1 mutant proteins.

D) GFP-tagged ANI-1 transgenes were integrated into the ‘Mos’ site on chromosome Il. The
ANI-1 transgenes comprise the genomic ani-1 locus and gfp. Transgenes are resistant to ani-1
RNAI targeting by re-encoding exon 5 but keeping the amino acid sequence and codon usage
the same.

E) Immunoblots of adult worms expressing the indicated GFP-tagged ANI-1 proteins probed with
anti-GFP and anti-actin antibodies.

F) Graph is plotting the mean percentage of embryonic lethality for the indicated GFP-tagged
ANI-1 proteins and RNAI conditions. P-values were calculated using Mann-Whitney-U or student
t-test and represent n.s. p>0.05 and *** p<0.001. Error bars are SEM and n= number of progeny
(larvae and embryos) counted.
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Figure S9 The MBD and ABD are not required for circumferential ANI-1 alignment, related
to Figure 5

A) Mean percentage of 0-20° (anterior to posterior) and 68-88° (circumferentially) directionality
measured for GFP-tagged ANI-1 proteins for indicated RNAI conditions 180 s after NEBD. P-
values were determined with student t-test and represent *** p<0.001 and n.s. p>0.05.

B, C) Confocal cortical single z-plane images of GFP-tagged ANI-1 A236-460 (B) and ANI-1 A48-
160 (C) expressing embryos for the indicated RNAi conditions and time points after NEBD. To
better visualize the localization of GFP- tagged ANI-1 after septinYNC¢'! co-depletion, the signal
intensity scaling was increased in those conditions.

D) Maximum intensity projections of 6 cortical z-planes of permeabilized one-cell embryos
expressing indicated GFP::ANI-1 transgenes and treated with Latrunculin A and ani-1(RNAI).
Intensity scaling of ANI-1Ne™CX\was increased.

E) Mean number of structures for indicated GFP::ANI-1 transgenes at the cell equator per embryo
after ani-1(RNAI) and Latrunculin A treatment. P-values were calculated using Mann-Whitney-U
or student t-test and represent * p<0.05, ** p<0.01 in comparison to 180 s.

F) Confocal cortical single z-plane images of GFP-tagged ANI-1M-ABD-CX expressing embryos for
the indicated RNAI conditions and time points after NEBD.

For all cortical images: magnification of equatorial regions are shown on the right. Linear
structures are highlighted by red and non-linear by blue arrowheads. Error bars are SEM and dots
represent data points of individual embryos. Scale bars are 5 pm.
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Figure S10 The A48-460 ANI-1 and ANI-1¢t™ mutants do not support furrow ingression after co-
depletion of septins and formin, related to Figure 7
A) Merged central plane DIC and wide-field fluorescent images of the GFP-tagged ANI-1"T, ANI-1¢t™ and
ANI-1 A48-460 proteins for the indicated RNAI conditions and time points after NEBD. Scale bar is 5 ym.

B) Plotted is the contractile ring diameter of each embryo over time for indicated GFP-tagged ANI-1 mutant
proteins and RNAi conditions, n=number of embryos analyzed. Green and red encircled stars indicate
whether embryos succeed or fail cytokinesis, respectively.
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Figure S11, related to Discussion
Model illustrating how contraction of the ANI-1 network mediates cleavage furrow formation and ingression
after the depletion of septins and formin.
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